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ritIFACE TO THE FillST EDITION, 


P RIMARY BATTERIES form a sullject fior» which 
much has beenho[)t‘d, and but little rcaliscl^ in co^^u- 
parison with the hopes. Ihit even*Ho, it cannot 
said that tlie advance has been small ; and consequently 
no apology is offered for the pn‘.sent volume, in which the 
somewhat scattered literature of the subject Inig been 
brought together. 

Recent years have seen important ^nhlit ions to the 
theory of the voltaic cell, and therefori* a considerable 
number of pages have been devoU'd to this part of the 
bubject, although it is impossible to do more than give a 
superfic ial sketch of the theory in a volume like the present. 
The reader who is interested in the theory of ionisation 
should consult such works as those on Electrol\2cis by 
Le Blanc and hf Lupke, to which the Au^or d(\sires to 
acknowledge his indebtedness. 

With regard to the practical part of the subject, this 
volume is not intended to be encyclop»dic in character ; 
the object has been rather to describe those batteries which 
are in general use, or of particular theoretical interest. 
The Author has also attempted to show what the various 
kinds of battery, such as Ijeclanche Cells and Dry Cells, 
are capable of doing, and to compare the iapabilities of 
fine type with another. Very little information is available 
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oil thin niattor. Tlic AiMior has thoreforo tiiicludei^ a 
iiiinibcr of cuivt's which h<* lias obtained experiniciitally 
dnnn^ the last^ lew' years, und^^vhieh ena})le*Sftc]i eom- 
]»ansons to be made. As far as possible, the Author has 
draw rt on his ])f‘rsonal e\p-Mn.Tic(.^ in eiMne ])raetieal results, 
whieh, it IS hopi.'i, uill add to the usetuhiess of the book.^ 

Owine^to tie* ini])ortanee of th<‘ subject, Standard (Vll^ 
^i\e been deaK w'ltli at some length. Those (Vlls, how- 
e\ej. wliicli are no loneei m ^(‘neral us(i an' not di'scribed ; 
but |•e(‘e^t w’oik is summafi.M'd in sonic detad, so as to give 
a iair,^ lea of our knowledee u]» to the presi'iit^time. 

It has also fxM'n thought well t(t (|e\ote a ('luipter to 
t'aibnii (dnsuimifg Cells Very little has been writtiui 
upon this subject, but it is ol great inteiest, and jiossibly 
<*f gicat Jinportaiice in the futuie. 


W. Jl. (.:uorEK. 


LoNitoN, Dee , Tddi. 
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A LTHOnUl jH(»<in‘.ss HI l'!iihai\ has i*'il Iumhi 

luarkaMl {)v aiiv .^laillin^’ n •yict* <!•** 

(>1 th<‘ lii^t <*(!iti(0i <»l ihi.^ uoik.^licy haMK'xOi’^ 
brt'H .>t<'a<!\ and (••ni'.iajuciil I\ mans' 

jjn'.snnt dav hattmins ait* \t*!\' Mipfimi to tlit*ii jntalf- 
Ct^^^oIs oi l.‘» ycais a;.n>. Foi t hi.s ira^ni it lia.*^ itft'T^Jound 
m-cr.s^.u y to rnuFitt* .somt* of t)ir .sfction^ and lo .iiiioii'v 
ot !i4‘is tout oiisidt‘ial)lt* «*.\tt*nl. 

A < liaptt'i lui.s IxTH adtjt'd on St‘l«*niuni ( Vll^. '1 h’ , 
stM‘nn‘d d<‘sna!)l«*, paitls l)••('an^(• Hit* .srkoaum (all, a, 
distimt .'fom tin* .s<-k'niiim k'.m.' ( aiw'*. i.s soltaw in d , 
cliaiat't'M |)iit moic jaiiti' ulaiU kccan.'-t* st'k'nium ha^ 
la-ioiiir mnt'ii inon* important in ifomt st'ai''-, and tin* 
litaianin* on 1 h»* .>nl))t't't i.s \t‘i\ .siattfictl. natisino laiL 
.scant attt'iilion in«nflinai\- tcAt hoo|o. 

I do.sii'c to thank Mr. F K. Smith ft)i su:j:o(*^t ions and 
Hiformation which have been im lnd<*tl in tiie Chapter on 
Slamiaid Oils, and to acknow h‘dye tin* coni less' svith svhn h 
Uiforiiiatioii lia.s bt'cu placed at niv dispo.sal by iiuiiiy 
manufacture] s. 

\V. i:. cooi’ti* 

^2, Victoria Street, London, S.Wk 
Octoher 'Jij, lb 
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CHAPTER- L 

HISTORICAL. 

• At the close of the mnet-eeutb ceotiuy there was appa- 
rently no connection between chemical and electrical energy, 
the knowledge of electricity being altogether restricted to 
statical phenomena Consequently the voltaic cell arose, 
not as the result of mature reasoning based upon known 
facts, but rather as the outcome of a cha»(ie observation by 
Galvanl ' That philosopher observed that recently-ski lined 
frogs, in the neighbourhood of an electi ical machine, moved 
whenever an electrical discharge Uiok place; and, later, 
that frogs’ legs, hung by a copper wire to an iron 
balcony, were convulsed whenever tliey touched the irom 
From exjKiriments conducted in 178<) it appeared that 
these movements couhl lie reproduced hy corinectijig the 
muscles and the nerves by means of a metallfc arc, or with 
an arc partly metallic and partly non-metallic, as, for 
instance, a metal and a moiat piece of wood. To account 
for these phenomena Galvani* supposed a separation of 
positive and negative electricity to take place at the 
junction of nerves and muscles. This view was shown to 
be erroneous by Volta, who found that such a movetnenl 
also resulted on connecting two [larts of the same K ijscle 
by an arc of two metals, such as iron and copper, which 
thus included a metallic junction. He therefore pro- 
pounded the idea (known as Volta’s Contact Cheory), that 

* Ydt*, m Tram,, 1793, Part 1. v. 10. 
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the observed movements are generally aue w a lorce 
arising from the contact of dissimilar metals, and, in support 
^of this hypotbaeis, he| constructed in 1799 and described 
in 1800 a form of j^ry battery, known as Volta’s Pile,* 
coiftftfeng of discs of zinc, wet cloth and copper. These 
wetfi placed, one abeve the other, in the order given^ so 
that a jpiece of Vet cloth was always encountered in passing, 
say, from zinc to copper, but not from copper to zinc on 
lontinSing in^he same direction. Thus a large number 
of cells were coupled (as we should now say) in series, and 
a high E.M.F. resulted, due, according to the theor/, to^ 
the contacts between the zinc and copper plates. 

It^s, perhaps, fortunate that wet cloth was used in this 
pile rather than apparently dry paper, as employed by 
Zamboni (viz., ^per with zinc on one side and manganese 
pero.Kide on the other), for it is a comparatively small step 
to pass from wet cloth to a simple electrolyte, as used by 
Volta in his “ crown of cups,"* In this arrangement salt 
water was contained in a series of cups, the zinc and 
copper plates of the pile being immersed in the electro- 
lyte, and the zinc in each cup being connected to the 
copper in the next. Each cup therefore contained the 
tliree elem^ts present m the pile, and formed the first 
example of the simple voltaic element 

In 1801, Davy experimented with acid electrolytes, hut 
they were not readily adopted. The difference between 
^'intensity" and quantity" was recognised at an early 
date, and various slight modifications were introduced by 
, Wollaston, Hare and others with the object of ledncing 
the internal resistance. 

•K!empt, followed by Sturgeon j in 1830, drew attent^m to 
the important diminution of local action brought about by 
the amalgamation of the sine plates when used in 



BisromAi. 


f 

*Tb6 well known oelk of Baniell* and of Giovef 
were described by their inventoni in 18S6 end 1859 
xespeoti^ely. They mark an epoch^ o wing^to the appltctt^ii ^ 
<of depolarisers in a really practical manner. Ihe true 
principles underlying polarisation* appear to ht'f^ been 
realised by Becquerel at an earlier date ; in fact, as <^ly as 
IS29»| he described cells of the Daniell type, ^ut these 
cells were not very practical. By very different reasoning 
Daniell arrived at the same result, bi^ seeinl^ to hive 
realised more fully the conditions necessary for success. « 

• The Sraee cell appeared in 1840. In the same year the 
Grove cell was modified by J. T. Cooper, § who substituted 
'Carbon plates for the platinum foil This form o^oell is, 
however, generally known by the name of Bunsen, |1 to whom 
we are indebted for the much-used bichi'omate battery .f 

The Leclanch4 cell did not appear uhtil 18G8, but has 
been more productive than auy other element in the 
number of modifications that have arisen from it. These 
include the important class known as "dry cells.'* A 
large number of attempts were made in this direction 
before success was achieved.^* Minotto used sand and 
copper sulphate ; Wolf, Keiser, and Schmidt tried sawdust 
m cellulose; Desruelles filled a Leclanchd with asbestos 
and spun glass, aM Poliak made use of a gelatine glycerine. 
The first really suooessfol dry cell was the Qassner, which 
appeared in 1888, and since that date the value of this 
4ias of eell has steadily improved, so that enormous num* 
bers are manufactured at the present day. 

A number of attempts were made from about 1188 to 
1888 to obtain electric light commercially from primatf 
batteries. The results, however, were not eucomigint^ 
4uid very little has been done in that direction 

♦ ivwifc, m ^ we. — — — H- 

t m. MtVn M Mm, m XT., p. 887, JBSa 

I Aanalit St CSiiiiii* •! dt 
f t Pta. XXL, p. 86, 184a 

I 4iMia£iii,T<aXXXVIIl.,p8U,184L • 

t 9m- 4ivi..TvLC3XIXL, pUSamtl; aiidToL OlX„ 

^ m SkiHAm, Tia XUi, 9, 186, 1838. 




4 


PRIMARY BATTERIEB. 


In the domain ^ exact electrical measurement, stanaara 
cells play an important part ij providing a convenient 
standard of ele#trical pressure. At first the Daniell cell 
was developed for this purpose, particularly by Prof. J. A 
Fleftftifg. Later the Clark cell, due initially to the late 
I^timer Clark, was Cpund to be much superior ; but this 
has now been • practically superseded by the Weston* or 
cadiniury cell, due to Mr.E. Weston, whose name is so well 
l|nown%n connection with moving coil instruments. 

Turning now to the theoretical aspect of the voltaic 
cell, we find tliat Volta’s Contact Theory was generally 
accepted on the Continent as the true explanation of 
Galvaiu’s discovery and the allied phenomena. But there 
were many, notably in this country, who were disbelievers 
in the contact theory — among the number Fabroni, one of 
Volta’s countryiAen, should not be forgotten. As early as 
1800 Nicholson* observed that chemical action took place 
in both the dry pile and in the “ crown of cups.” Davyf 
and WollastouJ in 1801 both insisted upon chemical 
action as being essential to voltaic combinations, and the 
same line of thouglit was vigorously upheld by Faraday in 
his “ Experimental Researches ” at a later date. In this 
way there sprang up a school who practically denied the 
existence ol*contact force, and who asserted that a current 
was produced only by chemical action. A dispute, lasting 
over half a century, arose between the supporters of the 
( ’on tact Theory on the one hand and those of the Chemical 
Theory on the other. It was not marked by any decisive 
victory— a fact which is not surprising, for each side 
denied, without sufficient ground, a good deal that was 
claii||(’d by the other, and wliich has since been shown to 
be true. But a great deal of valuable scientific work was 
carried out in support of both of these theories, until, 
finally, the supporters on either side gradually came to 

• PKU.. l«t Serias, Vol. V’ll., p. 357, 1800. 

t PhiL rmiM., 1801, Part 2, p. 597. 

► J /WA. 1801 •Part 2, p. 427. 




BISTORJCAL 


5 


adm^ that tilith was also to be found among th?ir adver- 
saries. Wiien the Principle of the Conservation of Energy 
arose, then mere contact oould no longer be regarded as a 
source of energy. On the other hand, the^moasurements 
,of Kuhlrausch and later investigaV)r8 (’Stablish^ the 
existence of contact force. The controversy, thorelore, 
died a natural death, only to give plifce to another, wUkh 
is still undecided, upon the seat of the* electroyiotive 
force. 

In 1851 Lord Kelvin (then Prof. William Tb?mson)l 
published liis important paper on the dynamical theory of 
eleetrolysia, anti more recenlly tlu‘ voltaic cell has U'cii 
considtued in the light of thermodynamic principles by 
Helmholtz, (iibbs ami others. . 

In 1887 Arrhenius brought forwanl his theory of 
ioni.sation, wliicli soon found support in tin* analogy, first 
point (‘tl out by Van't Holf in the samd year, between 
osmotic ami ga^(M)Us pres.su res ; and in 1889 Nernst com- 
niunioatcd to the Pru.s.sian AcHtl(*my of Sciences his 
method of calculating tlie E.M.K. of various cells. This 
theory is of very great iritere.Ht, and Ints received a deal of 
attention owing to the important bearing which it has, not 
only upon voltaic electricity, but also on the theory of 
solution and other kindred problems 
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THE SIMPLE VOLTAIC ELEMENT. 

Chemical and Voltaic Action, p. 7. -“Definition*, p. 9.— Voltaic Keactione, 
p. 16.— Electrolysis and the Orotthus Theory, p. 16.*“Electro-chemioal 
Series, p. 16. yElectro-chenaical Changes in the Simple Voltaic Cell, 

p. 19. 

CHEMICAL AND VOLTAIC ACTION.--, When connnercial 
zinc is immersed in dilute sulphuric acid it is di.‘-SMlvt*d, 
zinc sulphate is formed, which jMisses into solution, and 
hydrogen is rapidly evolved. At the same time energy is 
liberated and appears in the fonn of heat. This ca.ye of 
solution may be regarded as an instance of ordinary 
chemical action. 

Electricity in motion being another form of energy, the 
possibility of tnyisforming the heat of suoii a cfiendcal 
reaction into an electrical current at once suggests itself, 
although the mode oT transformation is not obvious. If 
we replace commercial zinc by the purified metal, we find 
that very little hydrogen is evolved on dipping it into the 
sulphuric acid ; or, in other words, both the chemical 
action and the liberation of energy are slight Now dip 
a piece of platinum also into the acid, as shown iivFig. 1, 
without touching the zinc. The reaction k unaffected; 
but if metallic connection is made between the upper end 
of the platinum and that of the zinc, the# latter is dis- 
^Ived, and a rapid stream of hydrogen comes from th$ 
in addition to that which previc^ly came fro|n 
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the zinc ; aifh it nmv be shown that a current oPelectricily 
flows at the same time from the platinum through the 
connection to the zinc. This inaction, however, only 
i tifkes place whe8 the Circuit is closed. The platinum, 
althouj^% apparently attacked, is unaffected ; but the zinc 
is now mpidly dissolved. Yet no heat is evolved in this 
adflitwnal reaction (due to the reaction itself), for thifc 
. heat is nf>w converted into electrical energy, 

^Ve niyft therefore distinguish between two classes of 
cheiniail change.* The first is exemplified by the solution 
*of the zinc when it is not metallically connected with tli^ 
platinum, in wliich case the heat evolved cannot be 



PiQ. 1.— Voltaic SolutioD of 22tne. 


Utilised electric£dly« The second case arises when the zinc 
and platinum are metallically connected. Increased 
chemical action then takes place ; but the increase differs 
fr«m the original reaction in that the enei^ liberated is 
now capblc of doing work in an external circuit and is 
under* control. It differs, therefore, in a marked way from 
ordinary chemical action, and may be termed dtHro- 
chemical or voj|aic action. 

If perfectly pure zinc could be obtained, it is proiwhie ^ 
thijt sulphuric alone would be incapable of dissolving 
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if In such a case, solution would •take place only on 
completing the circuit^as ali'eady described, with a plate 
of platinum, or with s«>me other %iiitahl(# conductor. T^e 
reaction would then h»‘ entirely electro-chemical or voltaic 
in its character. But, since uhsofutely jmre /.iifc^ik not 
ohtuinahle, chemical solution alwiij’s takes pla(‘e 
slight extent witliont closing any external eircu it# 

Tliis distinction hetwocn chemical and voltai* action is 
convenient, hut, in some respects, artiticiij. In tffe castJof 
imp\ue zinc, the metal dissohn‘s owing to the presence of 
impurities which may he looKi'd upon as forming small 
voltaic couples, us <lescrihed in (.’hapler III. Cf)nsc(|nently, 
the reaction, when impure zine is inimf*rs('(l in sulphuric 
acid, is really voltaic; htit tlie current Hows in what may 
ho termed short-circuited elements, the external circuits 
of which are thnuigh the metal itself, and so cannot l)e 
conti'tlled. Therefore tla* I'leetiieal energy is coinjdetely 
transformed into heat. From similar considerations it 
aiijH'.iih that a gr(‘at many cheiiiical actions an.' really 
\oltaic in their origin. The cl(M'tricily generated is, how- 
ever, only availahlc under ecrUiiu (umditions, and we shall 
therefore tind it convenient to adhere to the distinction 
already laid down. 

DEFINITIONS.-— A primary battery, or cell, may be 

defined as a device for the direct transfonnation of 
chemical energy into electrical energy. Electricity ia 
also obtainable from chemical energy through the medium 
of thermopiles, steam-driven dpmwos, &c., but the traii%» 
formation is then an imiirect one. In a thermopile, 
chemical combination gives ri.se to lumt, and themfe to 
electrical energy, while a steam-driven dynamo necessi- 
tates not only the generation of heat, ^but also the 
conversion of this heat into nieehanical, ana thence into 
blectrical, energy. Since a cevUiin loss of energy always 
occurs in a transformation of this kind,*t follows th&t 
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the most direct mAhod of production is generally the 
most efficient, and therefore a pr^ary battery has the 
^possibility of at higlw efficiency than many other 
cerKuntorM in comnion use. 

"ft * 

The* (lirection of How of an electric current is deter- 
mineciJn a conventional manner by reference to certaii^ 

' phcnonieryi whi(di are reversed by a change in tlie direc- 
tion. We tire thus able to say that in a cell, consisting 
of line aii(l platiitum in dilute sulphuric acid, tlie current 
in the external circuit flows from the platinum to the 
zinc, but in the cell itself the current flows from th& 
zinc to tlie platinum. The junctions of the external 
circuit witli tin* iiattery plates are generally called the 
poles of tlu5 battery ; and, as we are most generally 
concerned with the flow of current in the external circuity 
the platinum pole, or upper end of the platinum plate 
(ie., the plate by which the; current leaves the cell) is 
called the positive pole, and the zinc pole, or upper end 
of the zinc plate, is called tln^ negative pole. 

But the zinc 'platc of a battery is, nevertheless, often 
spoken of as the electro-positive plate, simply because zinc 
in contact with copper in air l>ecome8 positively charged. 
There ifre, iK^vever, other reasons why the zinc plate 
should be so designated. As stated above, the current 
within the cell itstdf flows from the zinc to the copj)er; 
and, moreover, it is the zinc that dissolves. It may, there- 
fore, l>e looked upon as the chemical source of the current 
Consequently, when considering the working of a cell, it 
is^ preferable to speak of the zinc as the positive plate; 
and, in general, it may be said that the positive pole of a 
cell-~»viewing it, as it were, from the external circuit — 
forms part of what is called the negative plate when 
looking at the cell from the point of view of its internal 
working. Thus the platinum in a simple element is the 
positive pole, but the negative plate ; similarly, the zinc is • 
tl]£ n^^tive pble, but the positive plate. To avoid 



THE SIMPLE YOITAW ELEMENT. 


11 


SbnfusioD, this distinction must be camfully borne in mind. 
It is better to use the terms ** electro-positive ” and 
“eleotro-nej;ative ” rattier than “positive" and “ negative 
wh<'n referring to the plates. 

That force which causes the cinfbent to (low iff aay cir- 
cuit is termed the electromoiiTe for^, or, more brieily , E. M. F. 
jiVny cell in a normal condition has a iciLuin E.M. 1**7 more-, 
(»r less definite in its value. This depends maitlly on the« 
chemical reaction taking place, and is wholly iudepen^nt 
uf the dimensions of the cell or size of tlfe plates. 

. Every cell has a certain rasistance, called the Internal 
resistance, which impedes the flow of current when the 
circuit is clu.sed, and which is electrolytic* in its nature. 
Jf E is the 10.M.F., r the internal resistance, and C the 
ouiTent flowing when the cell is closed through an external 
circuit of resistance R (containing nodiI.M.F.), then, since 
Ohm’s law is true for electrolytic resistance, we have the 
general relation : 



Consequently, the smaller the internal resistance tho 
greater the current for a given external circuit. The mag- 
nitude of the internal resistance depends u^n tlie size of 
the plates, upon*their distance apart, and up()n tlie specific 
resistance of the electrolyte. It is diminished by increasing 
the area of the ])late8 or by decreasing the distance between 
them 

A metallic conductor along which a current is flowing 
is in many ways analogous to a pipe through which water 
is being forced by a difference of pressure at the two^ 
ends. The flow, in the latter case, does not depehd* upon^ 
the absolute values of the end pressures, but upon their 

difference. For example, if a reservoir discliarges into the 



* Any compound body which it deoompoced by the pftMcge <d m electric 
aurrent, flowing between electrode* i* termed en electrolyte. The intenud. 
rerirtence i* dectrolytic beceoee erery cell eootiilne *01110 electrdlfte^ 
atch M dilute eulsdutric aotd. 
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o])Pu air througli an «rifice 10ft. below the suriace or 
water, we say that the water is flowing due to a head of 
|0t^. We are not%conceivied with the absolute pressures, 
and toiiHe<piently we neglect the atmospheric pressure, 
which f!f(?(jniinon to botti sides of the orifice. So also in 
a watg; pipe, the flow •depends upon the difference of^ 
the ends. 

Similarly* wlicn a current of electricity flows along a 
wild between any*two points, the flow is proportional to 
what is termed the difference of potential between the two 
points, Tins statement is embodied in Ohm’s law. With* 
the absolute values of the potential itself at the two points 
we are not concerned, only with the difference. This may 
be dtdiiied as tbc work done in moving unit quantity of 
posiiiN'e electricity from one jioint to the other in the 
direction from low to high potential. But sucli a definition 
coin eys very little idea of the term under consideration, 
and for practical purpo.ses it seems preferable (though not 
wholly correct) to look upon potential difference simply 
as the cause of flow in the conductor. 

The readt'r very naturally enquires : Why introduce 
the term [tottuitial difference wlien there is already the 
similar (puiutit^', K.M.F., also causing the current to flow? 

In reply, it may be said that the E.M.F.*of a cell, or of 
any other source, gives rise to the current and also to the 
various peUential differences in all parts of the circuit, just 
as the head of water at a waterworks causes the flow of 
water and dilVereiices of pressure in the system of pipes 
connected with it In the latter case we should say there 
exists a diflereiice of pressure in the main between any 
two pffints, but we should not say that a certain head of 
water exists in that part Similarly, in a metallic conductor 
at a uniform tei^q>erature, forming the external circuit of a 
cell, it is preferable to say that a potential difference exists 
l>ctween any two points It may be said that the current * 
flo^f8 by reason ot the potential difterence, or equally that 
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Ihe potential difference ariHes by r^son of trie current 
flowing. The two statements are merely the result of 
looking at the saine*thing from two ^iffenmt jM>ints of 
view. But the K.M.F. doe.s not lend itself to a simfliir 
sUitement, for it is tiie prime caiife of all the plfa«*)nienii. 

It is the s\iin of the potential tlilferencos round the 
circuit. If a wire cont^iiniiig no source of "15.M.F. ^ 
Isitwoen two points of a I'ircuit wt're to^^>econu‘ a* 
perfect conductor, tlie potential ilifrenmce Udween t^ose 
points would vanish ; but the existence of any KM.K^ 
In this part of the circuit woidd not be atfected by .such 
a change. 

By the correct use of the term potential dilference the 
reader will maintain a mental KCparation l>etween cause and 
elTect, thereby gaining a clearer (‘onception of the facts, and 
will at the same time avoid such cumlH’tsome and confusing 
terms as “terminal “total K.M.F.," &c., which are 

sometimes employed. 

F(*i' a given metallic circuit at a uniform temperatui’e 
the }>otential ditfereiice between any two points, when 
H current is flowing, is proportional to the resistance. If 
V is the potential ditlerence at tin; terminals, or pole.s, of 
a e.ell when closed through a resistance K, have a 
fall of potenttiil V throngh the externTil circuit, and 
therefore, by < hmi’s law, 

* V=CU (1). 


But we have also 


C= 




or 

whence, from (1) 
or 


KC+rC = E; 


V-frC = E, 


C- 


E~V 


T 


This indicates that, notwithstanding tHt fact that the 
intenial circuit is complicated by the electromotive force, 
wherever that may be assumed to exisf, yet the cinrent 
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may be i-egarded due to a fall of potential E— 
over the internal resistance r. Consequently, we have 


r K’ 


E~V 
V • 


E’ 


or V = 


E 



J*'rom ^His relation we see that when the value of R is 
infinite — that is,’ when the cell is on open circuit — the 
‘potential difl’erence is equal to the E.M.F. This is also 
approximately the case when the external lesistance is 
large compared with that of the cell ; and, consequently, 
in practical work, the E.M.F. is often found with sufficient 
accuracy by means of a high resistance voltmeter, 
provided tiie E.MF. does not suffer any appreciable 
change due to the small current which, of course, must 
be generated. 

As the value of the external resistance is diminished, 
the potential difference becomes grad\ially less in value 
than the E.M.F., and becomes zero in the extreme case 
when K = 0, or the cell is short circuited. The whole fall 
of potential then takes place within the cell, and the 
whole of the energy is dissipated in thejorm of heat in 
the internal circuit. There is one case in which the 
potential difference is always equal to the EM.F., viz., 
when r=0, or the internal resistance is zero. Conse- 
<[uently, if it is desirable to have the potential difference 
-constant for different currents, the battery should be made 
with very small internal resistance. A case of this kind 
is seen in lai-ge secondary cells and supply station 
batteries. 

The letters P.D. are sometimes used as an abbreviation 
for th^ term poibeutial difference, and, owing to the many 
analogies with hydraulic distribution, the same quantity is ^ 
<ittm termed electrical pressure, or ynmm simply. Thus 
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•ve 8peaI?of a current at a pressure pf, say, 100 volts, or a 
curreut at 100 volts. But the expit^ssion “ a current qf 
100 volts ’’ is incorre^ft, although often ^ustid, and is really 
without meaning, One might as rtnisonahly descrilxj *the 
passage of water through a pipe as a flow or 

whatever the head might l>e, 

VOLTAIO BEAOTIONS.»-In considering a^Simple ele-^* 
ment, such tis results by dipping zinc and platinum ])Jate3 
into dilute sulphuric acid, wc have seen that the zinp 
dissolvj's when a current is priKluced ; l)ut the hydrogen, 
instead of being given off at the surface of the zinc, is 
evolved from the platinum. Thus a reaction takes place 
which is very distinct from ordinary chemical reactions. 
Changes of a similar kind take place in electrolysis, or 
when a current is caused to flow thif)ugh an electrolyte. 
For example, if two plates or electnxies of platinum dip 
into dilute hydrochloric acid, and a sufficient potential 
difference is applied to them, a current flows and the acid 
is dt'C imposed. But the decomposition does not take 
place at all j)oints, and the constituents of any molecule 
<io not come off' in (dose proximity. Decomposition only 
takes place at the two discontinuities where th§ electro- 
lyte join.s the femainder of the circuit. **Thu8 chlorine 
is evolved at the anode surface, or where the current 
enters the electrolyte; and hydrogen is evolved at the 
cathode surface, that is, where the current leaves the 
electrolyte. Decomposition only takes place at these two 
surfaces; and, consequently, any theoretical explanation 
of the phenomena must be biised upon some mechaniS^l 
conception which will sufticiently account for tb% wide 
separation of the constituents of a molecule. 

Owing to the (Jose connection between voltaic and 
electrolytic action, we shall do well to f)riefly consider 
the explanation of the main facts of electrolysis before 
discussing further the reactions in a voltaic cell 
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OONBIDmATIOIl OF FI<E0TBOLYSIS AilD THS 
IHEOET OP OEOITHTTS.— Iti 1805 Grotthus put forward 
an hypothesis which represents •the facts with some 
ac'curacy, provided certain assumptions are made with 
regard M the moleculat«state of the electrolyte. Unfortu- 
nately we know very little about the true nature of a 
^ niole^de. lly the union of dqual volumes of hydrogcil 
• and chloi’ine, liydrochloric acid results, and therefore it is 
convenient to gra[)hically represent a molecule of this acid 
II-CI, a bond of union uniting the atom of hydrogen 
to that of chlorine. But we have no knowledge as to tike 
character of this bond ; nor do we know wdiether the 
marked want of symmetry here indicated really does 
exist. But, a.ssuming that molecules ditter in some 
physical property according as th(?y are examined in one 
direction or anotker, then we should expect that in a 
liijuid under ordinary eomlition.s there would be no fixed 
arrangenumt with regard to this property. For example,, 
suppose that a imdeeule of hydrogen chloriile disjday^ 
hydrogen to the observer wlien viewed in a certain 
direction, and chlorine when the ot>posite side is seen : 
then, in a solution of hydrochloric acid, we should generally 
expect yie molecules to be facing in all directions. Some 
would sliow liydrogen, some cldorine, 'and some both 
hydrogen and chlorine, when viewed from any given 
point 

When a potential difference is applied to electrodes— 
for example, platinum plates placetl in an electrolyte — 
(ri’Ctthus supposed the molecules to assume a polarised con- 
dftion, forming chains from one electrode to the other : thus 
the l^^alrogcn of any molecule in a chain of H-Cl would face 
the cathode and the chlorine the anode. Such an arrange- 
ment is indicated in Fig. 2, which rej^resents a section of 
the dectrolyte^n a direction perj>endicular to the electrode 

* The electrode bf which the current enters an electrolytic cell is called ^ 
iht amdtf and that by which it leaves is termed (he eathode. 
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plates (which we may 8up|)08e placed parallel to each 
other). If the appliodjwtential difference in nuffloieut. 
the attraction of the cathode for th* hydrt^en and of the* 
an(Kle for the clilorine overtomeH tin- aflinity which bolds 
these oleinents kij-ether a.s a molecule, and decomjxjw’tion 
takes place. As the hydro-^-ou j-oe.s In the cathmie it leaves 
a chlorine atom in a sUitc of semi-freedom, and tha latter, 
under the inlliumce of the applied jK^tential difference! 
unites with the hyilro^en of the adjacent molecule!* giving 
rise to a second free atom of chlorine in a similar state : 
this acts ujion the next molecule, and so on, until the last 
chlorine atom at the end of the chain is liberated at the 
anode. The decomi.osition may be looked upon as starting 
simultaneously at both ends of the chain, followed 
immediately by the intermediate decomposiUons and 
recompositions described above. ' 



Fio, 2.-— The Hypotheii* of Qrotthu*. 


Such a theory easily awouiits for the evolution of 
electrolytic products at the electrodes only. It is also 
in accordance with Faraday’s law of definite electro- 
chemical action; for if we suppose every bond to be 
ca^blc of carrying a definite quantity of electricity, or 
being charged with what may be regarded as a unit* 
charge, then the amount of decomposition during «iiiy 
given time will always be directly proportional to the 
quantity of electricity passing during that time. Furthw, 
Faraday s law of electro-chemical equivalence also holdft 
fgr a trivalent atom— like aluminium— will have a capacity 
of three units, a divalent atom— like calciuih— will can^ 
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two such quantities, wliile hydrogen or chlorine, being 

monovalent, will only carry a single unit. Consequently, 

t the lilieration'^of any^atom of a given valency will require 

the^i^me quantity qf electricity as any other of the same 

valency ; hut the liberation of a divalent or trivalent atom 

\rill respectively require two or three times the quantity 

necesrary for the liberation of a monovalent atom. Thus 

the niluiber of coulombs sulficient for the liberation of 
* * 

^ 23 grammes 'of sodium will liberate only 40/2, or 20, 
grammes of calcium, 23 and 40 being the res[)ective 
atomic weights of these metals ; and a given number of 
coulombs will always lil)erate the same number of 
gramme atoms of, say, sodium, potassium, chlorine and 
bromine, because these elements all liave the same 
valency. ^ 

The Grottbus theory, as we shall see later on, does not 
sufficiently explain all the facts of electrolysis, but it is 
often an advantage to represent (dectro-cliemical reactions 
in the light of such an hypotliesis, even tlioiigli it may not 
be correct, and we .shall, therefore, frequently make use of 
this theory in the consideration of such reactions. 

The electrolysis of hydrochloric acid, as above considered, 
is a very wnple case. Electrolytes arp frequently far more 
complicated; but the action of the current, in the first 
instance at least, invariably consists in splitting the mole- 
cules into two parts, which Faraday called the ions. The 
ion which goes to the anode is known as the anion, 
and may be termed electro-negative with regard to the 

♦ electro-positive ion, or cathion, which goes to the cathode. 
These ions may be simple, as in the case of hydrochloric 
iCtid, or they may be complex. For example, sulphuric 
acid, H1SO4, D^Ay be split up into the cathion H and the 
anion HS(^, or into two monovalent H cathions and one 
divalent anion, via., SO4. 

BLBOTEO;OHElfICULL 8BBIB8.— It is an important fact 

* that if any two metals are placed in contact, one of them 
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(which we shall call the first) is found*to be positively 
charged relatively to the sicond and is said to be electro* 
positive ; equally the second is said tb be elhctro* negative • 
to the first. Similarly, if two such mqtals are dipped jnto 
an electrolyte and their exjwsed ends are connected metal- 
licaljy so as to form a cell, the electropositive metal tends 
to form anions (t.e., to go into solution), cations *beiog 
deposited on the electro-negative metal Furthef, it is 
found that electro-jwsitive elements tend to form chemical • 
bases, whereas electro-negative elements m re relatively acid. 
In all cases such properties are purely relative, for no 
element is inherently electro-positive or electro-negative. 

It is only so in relation to others. As the result of 
suitable ex])eriuu}nts the elements may be arranged in a 
series such that any one of them is electro- positive com- 
pared to nil those that follow', while it is efectro-negative 
with regard to those which precede it. In the following 
series, w'liich is given by Dr. G. Gore, the order must not 
be looked upon as perfectly invariable' it dejHjnds to 
some extent, at least when considered voltaically, upon 
the temperature, and upon the nature and concentration 
of the electrolyte : — 

Electro chemical Seriet. 


+ 

Omsiiud 

Magnesium 

• 

Nickel 

Hydrogen 

Rhodium 

Selenium 

Hubidiurn 

Alutuuiium 

Thallium 

Mercury 

Platinum 

Phoephorue 

Patanuum 

Chromium 

Indium 

Silver 

Oeniium 

Sulphur 

Sodium 

HUnganeie 

Lead 

Antimony 

Silicon 

Iodine 

lithium 

Ziac 

Cadmium 

Tellurium 

Carbon 

Bromine 

Barium 

Gallium 

Tin 

Palladium 

Boron 

Chlorine 

Strontium 

Iron 

Biamuth 

Gold 

Nitrogen 

Oiygen 

CUdittm 

Gobdt 

Copper 

Iridium 

Ananio 

Fluorine 


BUBOTBO-OHEMIOAL OHAlfaES DT THS SIKPLS 
ITOIiTAIO CELL.— We are now in a position to consider 
fnrther the reactions taking place in a sirifple cell 
Voltaic action, or the action occurring in primary batteries, 
may be looked upon os a case of reversed electrolysis. 
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By the application of a suflicieiilly high KM.F. to two 
platinum electrodes dipping into dilute hydrochloric acid, 
decompositiin of th^ acid is effected, hydrogen ions being 
m^efatod at the cathode and chlorine ions at the anode. 
This is indicated in Fig. 3, the E.M.F. being applied by 
•means of a battery* B. • 

Now re])lace the anode by a rod of pure zinc, remove 
thejfkttery, and complete the external circuit by joining 
the zinc rod with a wire to the platinum cathode. The 
decomposition again takes place, hut the application of an 
external E.M.F. is no long(‘,r necessary. Its place is 
supplied by the inlerml K.M.F. of the cell. Hydrogen is 


Anod« or 
•f Electrode (Pt) 
Chlorine oTolted. 



Oethode or 
-Electrode (Pt) 
Hfdnigon etoWed. 


PlO. 3.— Elhctrolyeia of HCL 


still given off at the platinum or negative plate, as 
indicated in Fig. 4, but chlorine is no longer evolved. 
The latter combines with the zinc to form zinc chloride, 
which passes into solution, and we must regard this 
combination as being very closely connected with the 
production of the observed KM.F. . This solution of the 
metal in voltaic action is perfectly definite for a given 
quantity of electricity, being in accordance with Faraday's 
laws ot electrolysis. The reaction is further indicated 
dia^mmatioally in Fig. 5, according to the Grotthu% 
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theot^. As zinc ia divalent, two molecuks of HCl must 
be split up to give one molecule of ZnCl,. The two H ions 



Fig. 4.— Simple Voltaic Cell {Pt— HCI—Zn). 

liberated at the platinum plate combine to form hydrogen 
gas, which is evolved. 




Cl 

r**- \r 

:h ciiih 

CljlH Cl 

in ci;iH 


Fio. 5.— Simple Cell with Hydrochloric Acid. 

If the electrolyte is dilute sulphuric acid, instead of 
hydrocldoric acid, zinc sulphate' results in a precisely 



Fig. 6.->^mple Cell with Sulphorio Acid. 

similar manner. This is indicated in Fig. 6. But the 
ctiifc of electrolysis of this acid dififers from that of 
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hydrochloric, accdi’ding to the older theory of electrofysis. 
The liberated ions in this casj are hydrogen and SO4. 
, As, however, tke lattaa* cannot exist by itself, nor yet by 
'combining with itself, it apparently reacts with the water 
whiih is present, re-forming sulphuric acid and liberating 
oj^gen. These changes are represented in Fig. 7,^ in 



Fm. 'i. ElecirolyBU of Dilute Sulphuric Acid. 

which the SO 4 is regarded as combining with the hydrogen 
from two molecules of w.ater, leaving two liydroxyl ions 
free. These tw« OH ions combine together to form water, 
and at the same tiim* oxygen is liberated. Thus the 
result of electrolysing dilute sulphuric acid with electrodes 
whicli are. not attacked, such a.s platinum, is the evolution 
of hydrogen and oxygen. To a superticial observer it 
would seem that water alone is being decomposed. 
According to the older view it is preferable to consider 
that the acid is really the compound which is being 
decomposed, and that the liberation of .oxygen is only due 
to what is termed a secondary electrolytic reaction. Such 
secondary products and reactions are of frequent occurrence 
in both electrolytic and voltaic action. On the other hand, 
according to the more modern theory, it is now commonly 
held that electrolysis in such cases is simply the electro- 
t lysis of water, the effect of the salt or acid being merely to 
render the water conducting. 

• The various forms of simple elements and other cells 
will he considered later, but it may be remarked in 
passing that a simple element usually consists of two 
uierallic plates, one of them electro-positive to the other, 
immersed in a single electrolyte, generally an acid. 
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LOCAL ACTION. POLARISATIOIiT 

Locii Action, p. 23. — AnntJ^'diimf ion. p, 24. — PolariHAtion, p. 26.“Dej»olat 
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Oaaooua DepolarnerH, p. 36. -Mechanical Depolahnation, p. 36. — 
Variation of Internal KeMiwtauce, p. 57. 

LOCAL ACTION. — We have seen that when a rod of im- 
pure zinc is placed in diliitt' hydrochloric acid it dissolvea ; 
and if such zinc is employed as the^ electro* positive 
]dal(* in a siin])l(‘ (dement it dis'-olvi's, even wh(*n no 
current is being produeeil (j)n.s(‘({uently, when the etdl 
is in action, tln‘ lo.s.s of zinc is grt*uter than is dtnnanded 
by Faraday’s law of delinite eleetrolytie d«M;oinjK>Hition. 
Tlii.s solvent aetion, which supplies no entirgy to the 
circuit, is ealh'd Local Action, and is due to the formation 
of local \oltaic circuits. 

The way in wh^di tlu^se local circuita are jjtirmed will 
be under.stcKxl by referiing to Fig, 8, which r(‘pre8entH a 
zinc rod nnmerst^d in dilute hydrofdiloric acid, or any 
otlier electrolyte. 

Suppose tlie point A to be pure zinc, and B to tie an 
impurity which is electro-negative to zinc, such as lead : 
then A, B, form a small voltaic cell, having hydnxshloric, 
acid as the electrolyte. The external circuit in this case 
is closed through the zinc rod, and, consequently, a 
current flows through the electrolyte, from A to B, and 
the zinc at A is rapidly dissolved 

As already remarked, many cases of chemical action 
are due to the same cause. In batteries local action 
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is not i*e8trictc(l Ho acid electrolytes. It will obviously 
take plate whenever a plate ccyitaining electro-negative 
, impurities is tbroiiglit into a suitable electrolyte, or 
mixture of electrolytes, such that the combination so 
is capable of acting as a voltaic cell. For 
ex|im pie, local action •will occur if impure zinc is plaeed 
in a hot soluti<ni of ammonium chloride, or caustic potash, 
but thei action is far less pronounced in a neutral or 
flkalinij electrolyte than in an acid. 

AMALGAMATION. — In 1 828 Kemp, followed by Sturgeon, 
introduced the only effective remedy against local action 
with which we are acquainted, viz., amalgamation of the 


f 

* 
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Fig. 8.— 

Action. 


zinc. . This is readily efiected by immersing the zinc in 
dilute acief and rubbing mercury upon* it with a piece of 
rag. When a bright surface has been obtained, it is found 
to be no longer attacked, notwithsUiuding any impurities 
which may be present. 

No com])lete investigation appears to have been carried 
out as to why the mercury should afford so complete a 
* protection against the solvent action of the electrolyte, 
IHtiU voltaic iiroperlies the zinc appears to be practically 
unchanged. For example, the initial E.M.F. of a Clark 
cell is nearly the same whether the zinc is amalgamated 
or in its ordhiary state. Wright* found that amalgamation 
lowered the KM.F. of a Daniell cell by 0 002 volt, 

^ Phil, ’mxiii.7^ ^188^ 
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The readiness with whitdi mercury assumes the electro- 
positive position of zinc4hrouj^h amalgamation is remark- 
able. Even 80 amall a quantity if this* nteUl jis one*^ 
millionth has been shown l)y Hockiii and Taylor*# be 
suthcient to cause thia change in the mercury. 

41y till*, very nature of local aciiofi we should naturally 
expect such a remeily as that of amalgiuuatioit to Imj 
ineffective, for the priKiess couHisls practically iRjulding 
an electro-ncgative impurity to the zinc. The protectiofi 
afforded by the mercury is often said to bo due to a film 
of bydrogeii which is formed by l(K*al action, and wliich 
adheres to the amalgam, thus preventing tlie liijuid from 
coming into close iMmlai't with the plate If this w'cre 
really so it is dilhcull to see wliy the electrolyte sboubl he 
able to come into closer contact when the,,c,ircuit is closed, 
and therefore why voltaic action should take, place at all ; 
for, although hydrogen is evolved ou closed circuit, it is 
evolved at the negative plate, and cannot lie looked upon as 
tramferred from the po.silive. We should also exjiect the 
protection to be less elfective under reduced pressure 

In order to test the latter ]K)int, the author has com- 
pared the rates of solution of amalgamated zinc when 
placed in dilute j^ilphuric ai id — first, under atmospheric 
pressure, and, secondly, in a \acmim of alamt I2mm. of 
mercury. There appeared to he some increased action 
at the reduced pressure, but tlie increase was by no means 
as large as would be expected, supposing the hypothe.sis to 
be correct. 

As zinc amalgamates very readily, it seems probable^ 
that this metal passes at once to the surface of the 
amalgam, whereius the impurities, iieing leas rea<!Tly 
amalgamated, do not pii8.s to the surface. The amalgam 
would thus act as a filter ; but, as soon jis it Iw^comes thin, 
the impurities would project and local action result, which 
is found to be the case. This way of regarding the matter 
“ • /a«r'."iocrTeL Eiig.7Vol. VUL, p. 282, 1879. 
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appears 8ati8factoi‘y enough as far as the impurities Vre 
concerned, but it in no way explains tl^e absence of local 
action between «the zimi and the mercury. 

It Has been suggested by Grove* that the protection is 
due to polarisation, the hydrogiui that is evolved combining 
with the mercury (or '-amalgam) and rendering it electyo- 
posilivt^. In support of this idea he states that only a 
transient current is o])taine(l on opposing amalgamated 
platinum to zinc in dilute acid, and that if this amalga- 
mated plate is then opposed to some unamalgamated 
platinum a stream of hydrogen is evolved from the lafcer. 

Faraday considered that the mercury produced a 
uniform condition on the surface, and thus afforded 
protection. 

POLARIS AT^bN — When a simple element, consisting, 
for example., of zinc and platinum in dilute sulphuric acid, 
is allowed to generate a current, hydrogen is evolved at the 
platinum plate. At the same time a certain amount of 
hydrogiui adhen's to the surface of the platinum and gives 
rise to an E.^I.F. which opposes that of the cell. Conse- 
<|uently, the E.M.F. of the cell diminishes as soon as a 
current is generated, and the larger the current the more 
rapid is the fall in E.M.F. This action, due to a product 
of the electrolysis which is taking place, is known by the 
name of polarisation. 

If the hydrogen were evolved without adhering to the 
platinum, polarisation in this case would not occur. Bub 
, a film of hydrogen, coupled with any oxygen in solution 
at the other plate, forms pmctically a gas cell, the two 
gflfces combining voltaically to form water. Batteries of 
this class will be considered later in Chapter XIL Now 
the current^ in the external cuxjuit of such a gas cell 
passes from oxygen to hydrogen, the former being electro- 
negative to the latter, and, consequently, the KM.F. is 
Jfoj., 3rd Serie.,' V ol'xV,, p! 8L 
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opposea 10 tiuii of the platiiuuii-sulplfcric acid-xinc cell 
When a simple eleirn'i^/ is j*t‘nerating a current it may 
therefore he reganled as u cell coiftistingf)!, say, xinc and 
platinum in sulphuric acid, upon which is 8 uperi|iy) 0 Bed 
a gas cell with its KM.F. opposed to that of the c^l in 
question. 

Polarisation may he <lclined us a temporary redaction in 
E.M.F. due to an alteration of the electrolyte, %t of the 
plates, ])rouglit about i)y the voltaic action of tlm ceS. 
If this altered comlition is remr>ved by suitable means, as 
quickly as it is produced, the iMilarisation will no longer 


exist, and the lowering of K.M.K due to this cau.se will In* 
very slight or trunsionl. On the other hand, the E.M.F. 
UH'omes pcrmanejitly lowered as the currmt is generated, 
on account of what is generally termed the exhaustion of 
the cell. For example, tlie acid in the simple element 
here considered may iMS’ome practically neutralised by 
dis.solving the zinc ; or the zinc sulphate formed round 
the zinc plat(‘ may ditl’u.se until it reaches the })latinum, 
and zme is electi olytically deposited upon the surface of 
the latl<*r: this deposition of zinc eaustis tlie platinum to 
gradually a.s8ume the cJiaraeter of a zinc plate, and, tliere- 
fore, brings about^a corre.sponding fall in 4-he K.M.F. 
Changes of this kind ejm only he remedied by setting up 
the cell afresh, whereas a cliange due to polarisation passes 
off more or less rapidly upon allowing the cell to rest 
In Fig. 9 a curve is lepnsluced which illustrates the 
i-apid polarisation of a simple element The cell used 
hiul an K.M.F. of I 005 volts, and consisted of copj)er and» 
zinc in dilute sulphuric acid. It must be remembered 
that, upon closing the circuit of any cell through a gi^n 
resistance, the potential difference assumes some value below 
that of the EM.F., this initial value depending, inter alia^ 
upon the internal resistance of the cell. If no polarisation 
Were to take place, and no change in the internal resist- 
ance, the potential difference would remain constant 
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The internal resista'nce in the present experiment may te 
regarded as praetiwilly constant, ^n referring to curve A 
it» is seen that the poUmtial Vliflerence fell very rapidly 
when tl^e eell was clo.s(‘d through a resistance (of 10 ohms), 
indiciiling therefore a Wge amount of polarisation in the 
casaof a simple elemeni. The initial value was probably 
about 0-g5 volt, but it fell to 0'54 in one minute and to 
0-355 voK. at the end of five minutes. The potential 



iif XU BU 40 

Tinie »n Minutes, 


•Fra. 9.— PolariMtion of » Simple Element (A) and of a Daniell Cell (B). 

diflference then remained fairly constant. At the end of 
twenty minutes tlie circuit was broken. It was not 
possible to observe the value of the E.M.F. immediately 
on breaking circuit owing to its rapid variation, but after 
fifteen secxmds it is seen to be 0*74 volt, and after one 
minute it had risen to 0*94 volt This rise is due to the 
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(Effusion of the hydroj^cn from the surhice of the copper 
plate. Afi the (puinti^ of hydrogen diminisfie^, the rate 
of (liflusioii falls ofV, and, •theretpn*, Ih^ rise of E,M.F. 
hecoines slower, as shown hy tlie cnrvt‘. At tin? end of 
twenty minutes the E.M.F. hatl nearly reprfi^id its 
yripnal value. The sainn result ^nay Ikj <d»tained more 
rapidly hy hiking the eo|>per plate out of the electrolyte 
and wipiut» it so as to renuoa* adluTinf' 

Th(‘ above is the generally accepted (‘xphmation »of 
polari.sutiou. W. A. Anthony,^ however, prefers the 
view that pidari.salion is due to cxhu\»stion of oxy^j^im in 
the electrolyte inini<‘(|iat<‘ly in contact with the nej^ative 
plate. In stij)port of tins stal('inent, Anthony tinds that 
if a copper-sulplmne iwdd-/.ine etdl is closed through a 
resistance of threii ohms for fourtetm hours the K.M.F. 
falls to O od volt, and does not reeo\%‘r on standing, or 
on agitating, or on passing nitrogen through the cell. Tin? 
passage of oxygen, on the other hand, j)roduce 8 a rapid 
recovery. If the time of elo.s(Ml circuit is short, agitation 
reduces polarisation, because it brings fn'sli portions of the 
electrolyte, which still contain oxygen, into contact with 
the negative plate. 

Tlu'se experiments do not ajipear to l)e (juiUj conclusiva 
A film of hydro^iii is not <‘a.sily removed hy ilgitation, 
and dissolved oxygen would no doubt assist rcjcovery. 
But it does not follow that polarisation is not due to the 
hydrogen. If this were true, physical depolarisation 
(which is descrilwul later) would l)e imj>o.ssible. 

Polarisation also occurs at the zinc plate ; but it is not 
80 marked as that which arises at the negative plate, and^t 
differs from the latter inasmuch as it is not due tp^the 
liberation of an ion, such as hydrogen. This polarisation 
can be demonstrated by immersing in the cell a eopper 
electrode which is not employed for Ae purpose of 

* Pnte. Aam, AMocUtioa for AdruBorawnt ol Scie&oe, Vol XLYIL^ 
pp. 138'140, 189a 
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generating a current, and measuiing the E.M.F. between 
this electrode and the zinc and coj)per respectively of the 
cell, before and ^fter tl\e external ’circuit has been closed. 
I’he E.M.F. in each case is found to viiry. By using 
a cai'bbii electrode ih this manner, B. E. Moore and 
H. V. Carpenter* havq shown that the polarisation in a 
zinc-ammoniuni-chloride-carbon cell, working under the 
conditioil^ of their experiment, takes |)hicc mostly at the 
ciffbon, raid that the recovery ou open circuit, or depolaris- 
ation, at first la.kes {)lace chiefly around the zinc. 

This method, howawer, is not wholly free from objection. 
A part of the E.M.E. observed between the <d(‘e,trode and 
the zinc plate is duo to a diirei-cnee in c-oneent ration 
caused by the voltaically-fornied salt passing into solution. 
This salt solution is more dilute about the evploring elec- 
trode than in the fieighbourhood of the zinc ]»late,and thus 
forms what is known as a concentration eidl. When the 
difference in coiKicntration vanisluN, tiie jiart of tin* K.M.F. 
due to it will not be obscrvisl. Similarly, the E.M.F. 
between the electnale and the carliou i.s influenced not 
merely by the presence of hydrogen upon the carbon, but 
also by any difference in density. As the concentration 
K.M.F. between the zinc and carbon diminishes owing to 
diflusion of*tiie .salt, that between tlie' carbon electrode 
and the carbon plate may increa.se from the same cause. 
Consequently, the observed polarisation effects depend, to 
some extent, upon the position of the exploring electrode. 

DEPOLARISATION. — In practice, only polarisation at the 
deotro-negaiive plate is important, and the polarising ion 
is pnerally hydrogen. The earliest attempt at overcoming 
polarisation in the voltaic cell was made by Becquerel, and, 
later, by Daniell, who described his well-known battery in 
) 836. His method consists in separating the zinc and copper 
of a simple element by a porous pot containing a saturated 


Rev,, Vol IV., pp. 329-336, 1897. 
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solttioii of coppor sulphate {m, further, Chapter IX., 
p. 235). The zinc is tints innnersiKl in dilute sulphuric acid, 
while the copper is surrounded hy*copj>er#sulphate. The^ 
chemical chanj^es which take ]>hice on clo.sinj4 the circuit 
may be represented in the form of*a (InUlhus charft, as 
seen in 10, which should (*oinpaved with the 
corresponding diagram referring to a simple element. 

^ The hydrogen set fn‘e hv the deeumpo.sitir^g of the 
sulphuric acid is .semi to re-lbrm a molecule of Itfciii hj 
interaction with a mohsule of copper sulphate, and a 
co]k]»er ion is at the .«ame time set free. CoiiMMjumitly, 
instead of liydrogeii being lilterated ujmui the copper jilate, 
copper only is d(‘posit<‘d . and therefore, assuming that 
the character of this deno.siL doe.s not diller from that of 
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the plate, no variation of E.M.F. ean occur at this })lato 
{neglecting changes due to variation of concentration). 
So long as the sulphuric acid can Ik* maintained separate 
from the copper suijilmte, t^e exchange of copper for 
hydrogen takes plac<5 at their sm face of seiiaration. But, 
since diffusion takes place, the acid, and also tlie zinc 
sulphate that is formed, in time rtjaeh the copperplate; 
hydrogen is then evolved, giving rise to polarisation, and 
rinc may also be deposited. The coj»per sulphate tneoil- 
while diffuses in the opposite direction and de|K)sits copi)er 
epon the zinc as soon as it comes in contact jyith the zinc 
plate. Therefore the porosity of the pot, altliough a 
necessity, is a defect. We need scarcely remark that the 
conduction within the cell must be entirely electrolytic, and 
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thus a permanent separation of the solutions by a m^etal 
division is out of the question. If a division of copper 
,for example, were employed, the cell would be equivalent 
to a simple element in series with a copper voltameter ; 
hydfbgen would be cVolved at the surface of the division 
facing the zinc, and4 polarisation would in no way^b€ 
remedied. 

In % 9 is given a curve B, obtained by closing the 
fircuitf of a Daniell cell through 10 ohms. The same 
resistance was employed in the case of the simple element 
as already described. The same plates were used in botb 
cells, but as the E.M.P'. of a simple element is lower than 
that of a Daniell cell, the test was really more severe on 
be latter. The improvement due to the action of the 
copper sulphate is very noticeable. In fact, the potential 
litierence is i)idctically constant, and, upon breaking the 
sircuit, the KM.F. rose very rapidly — as shown by the 
5urve — to its initial value (1*14 volts). 

Chemical depolarisers may be divided into three 
lasses: (1) Liejuid, (2) solid, and (3) gaseous, and to these 
mist be added a fourth class, which depends upon 
ihysical or mechanical means. 

UQUl!!) DBP0LARI8EBS. — We hav^ already considered 
m instance of depolarisation by* means of a liquid in the 
5ase of the Daniell cell. Certain other cells depend upon 
he same principle, viz., the use of two fluids separated 
rom each other by a porous partition, one of the fluids 
leing the depolariser which surrounds the negative plate, 
he other acting as a solvent for the positive. Such cells 
m often tenned two>fluid batteries. 

The cojiper sulphate in a Daniel! cell may be said to act 
•Dj substitution, the liberated hydrogen taking the place o! 
the copper as it moves aloug the Orottlms chain, and the 
copper Ixfiug dojiusited upon a copper plate. Consequently^ 
the depohirisHtion, as far as the hydrogen is conoemed, 
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mmt, under all conditions, be practically perfect, providetl 
the acid does not diffuse g) the negative plat<^. 

Instead, however, of substituliont the ftydrogon may 
be first deposited, and then reinovoc^ by oxidation,#|fhe 
(trove ccdl, for example, consists of zinc in dilute sulphuric 
a<jid, BO}>araU^d by a |K)r(>us p<»t front platinum immersed 
in concentrated nitric acid p. 246)- The riaction 
which takes place may i>e repres(‘nle<i diagram ml^ically 
as shown in the following figure: — 



Fio. ll.—Ucactioii in a Qrote C«tW 

Here the hviliugiui is not rejdaeed by another ion 
incapable of pilarisatioii. It is, in fact, (li^]K»siti*d upon 
the platinum; but, as so«»n us tin? det»ositioii Ukes place, 
the hydrogel! is oxidised to wauu’ by the nitric acid, the 
reaction in its simi)lesl form beang represented according 
to the e({uation 

Hjj-f-HXOa^HaO + HNO^ 

The liydrogen is thus remove<l by the formation of nitrous 
acid, and jKdarisation is prevented. In the case of copper 
‘sulpliaW, the (le{M»larisiug js^wer deiKoids upon the con- 
<luction by the salt solution; (x>pper sulpha^ 
power of oxidation in itself. But depolarisation by nitric 
acid de|>ends upon the oxidising power of the acid close 
to the negative plate, and on that account the acid must bT 
concentrated. 

The |K)rou8 pot in a Grove cell cannot omitted, 
partly l>ecau8e concentrated aci<l is ncce4J8ary, and partly 
owing to the fact that local action takes place readily if 
xinc, even when amalgamated, is placed in strong nitric 
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acid, or in snl'phuric acid containing nitric. In ‘^some 
cases, however, the depolariser and the solvent may be 
mixed togetittjr. F«r example, in the bichromate cell the 
elec^trolyte, consisting of sulphuric acid with bichromate 
of\odium or potassium in solution, is often used withoiit 
a porous pot. Thci bichromate alone is not an oxidising 
agent, and therefore it is necessary that acid should also 
be pwseut at the negative plate. Around tlie positive 
• platt, however, tlie bichromate is unnecessary. 

SOLID DEP0LARI8ER8. — By employing a solid depo- 
lariser the use of a porous pot may l>e avoided, but the 
depolarisation is not usually so coni]>lete as in the case of 
liquids. Metallic oxides, capable of easy reduction, are 
used for this purpose in alkaline or neutral solutions. 
Such oxides \v(ndd be very effective if they could be 
jtlaced, as it wer(s in series with the negative plate (in a 
manner analagous to the (topper sulphate in a Daniel 1 
cell), v>r if they could be made to take the plac^ of the 
negative plate. In such a ca.se the hydrogen would of 
necessity be deposited upon an oxidising body, and very 
little polaiisation would then occur. But, owing to the 
fact that metallic oxides are bad conductors, they cannot 
well l>e '’employed in this simple manner. Manganese 
j)eroxide, for example, which is largely used as a depo- 
lariser in Leclanchd cells {m p. 193), is always mixed with 
carbon, and the mixture either placed round the negative 
carbon plate or suitably made up for use directly as a 
plate. Consequently, hydrogen is not necessarily deposited 
upon the manganese peroxide. It may happen to be 
eideposited upon some of the carbon that is mixed with it, 
in which case it will not be so readily oxidised As the 
action of the cell continues and the peroxide becomes 
redimed, a larger proportion of hydrogen is deposited 
upon the carbon, or upon reduced oxide, and consequently 
depolarisation becomes less and less effectiva 
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In the Edison-Lalande cell p. 176 )» cupric oxide is 
employed as a depolarisar. The oxide is compressed inlo 
a plate which, after the surface has^k^en sfightly reduced 
so as to render it a conductor, is used as the electro-mf^Hive 
plate. The depolarisation is very efficient, altliough 
sueh a result would scamdy k anticipated. As the 
reduction pnx-wds into the Inxly of the plate we^should 
ex'i>ect the hydrogen to be dej) 08 ited mostly iip(jUi tht^ 
outer surface, aiul that its i*eady oxidation would 
iint>eded. The depolarisation is, in fact, found to be less 
conrplete as tlie oxide becomes further removed from the 
surface. 

GASEOUS DEPOLAE18ER8.->Depolarisation by means 
ot the oxygen in the atrnospljere has beei^ attempted, but 
without much success. In 187H a cell was described iu 
which the ziue was immersed in dilute sulphuric acid held 
in a porous pot. Around the latter was coiled a silver 
wire which played the part of a negative [)late. The 
liydrogen deposited is oxidised by atmospheric oxygen, 
which is probably taken into solution somewhat readily 
by the film of acid on the outside of the pot. The cell, it 
is said, was found ^ be more constant than a Leclanche, 
but there are obvious disadvantages in such a form, except 
for very special applications. 

Atmospheric oxygen is also considered to be the 
dejiolariser iu the Walker- Wilkins cell. 

Such a method of depolarisation has, of course, the 
advantage that the substance employed is inexhaustible 
and requires no replacerneot» but it does not appear to be 
very practicable. 

EfilBlOAL AJn> MSOHAinOAL UEPOLAIMATIOV.— 

Although a film of gas adheres more or less tenaciously to 
a smooth plate immersed in a liquid, it is evolved with 
comparative ease from a roughened sniface. Bepq^arisa* 
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tion may, therefore, be effected without any ciiemicai 
, reaction involving the use of rq oxidising or other agent, 
by suitably firepariif^ the surface of the negative plate. 

Sniee cejl {set p. 149), which depends upon this 
principle, the negative consists of a silver or platinum 
])late, upon which flatinuni has been electrolytically de- 
*posit(^l. A roughened surface is thus obtained from which 
the hfllrogen is far more readily evolved than it would 
f be from a silver or jdatinum ])late in tlie ordinary con- 
dition. The electrolyte of the Sniee cell is sulphuric acid, 
the positive plate being zinc. 

Considering the simplicity and general convenience oi 
physical depolarisation, it i.s surprising that mure attention 
has not been given to the subject. The method has been 
revived in the Velvo Carbon cell {see p. 150), apparently 
its only application to a cell consisting of inexpensive 
materials. 

In what precedes we have looked upon hydrogen as 
being the only polarising ion in voltaic action. That, 
however, is not the ca.se. For examjile, zinc sulphate may 
be used iu a Duniell cell in place of suljihuric acid ; and 
the polarising ion is then zinc instead of hydrogen. In 
the Clu^k cell {see p. the electrolyte is practically a 
saturated solution of zinc .sulphate, and jiolarisation is 
again due to zinc. If the electrolyte is caustic soda, as 
iu the Kdison-Lalaudfc cell, tlieii sodium is the polarising 
ion. By reacting with the water of the solution, this gives 
rise to hydrogen as the linal liberated ion at the negative, 
but polarisation, in the first instance, is really due to sodium. 

In addition to physical depolarisation, purely inechaiii- 
means have sometimes been employed, the )ilates being 
given a motion so as to bring parts alternately under 
polarising and depolarising iniluences. Also motion of the 
electrolytS has been used to maintain its depolarising 
qualities constant, as in the Benko cell 

The influence of depolamers upon the E.M.F. of a ceB 
ifUi lie considered in the next chapter. 
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7\lUATI0N OF ramKAL KSOtSlif OS.— When a 

cell is freshly set up aiijJ, has not been used, it may Hq 
considered to have a certain definifb internal resistance, 
depending chiefly upon the specific^ resistance ofis^he 
electrolyte, upon the size of the ]>hites and their distance 
apaj;t lUit when a current is generated, various coru- 
jkounds are eleotrolytically fortiied, and, thertjfoi^, the 
value of the internal resistunce chang(‘a. It 1h also, 
observed to vary according to the strength of current* 
flowing. In the rase of the early (Inssner dry cel, 



Fia 12.— Variation of Internal IteeisUnce with the Current Generated* 

Carhart* fouinl this effect to be very marked. The results 
obtained are reproduced in Fig. 12 in the form of a 
curve. With a current of 28 inilliainjwu'eK the resistance 
amounted to 21 1 ohms, whereas it fell to 2 29 ohms when 
the current nme to 228*9 milliainperes. Fioni the above it* 
appears that the internal resistance of a Cidl is a somewhat 
indefinite quantity, varying not only with the ^ectrolytic 
changes taking place, but also with the strength of current 

• Pkp$, Mcv., VoL II., p. 392, 1894-5 ; or The EUdrieian, Vol XXV 
|k.l8,ld9Si 
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generated. Thi^^ variation of internal resistance may, 
however, be more apparent thap real Assuming Wiede- 
burg’s theory bf polarisation, Mr. K. E. Guthe* has shown 
thi\t, ^he true value of the resistance is constant, although 
tho^ apparent resistance varies, according to the theory, in 
a manner closely resembling the preceding curve. 

VVie^eburg’s theory is based upon the idea that polansa- 
tion is tiue to the collection of ions on the electrodes, which 
causes a change in density in the neighbouring solution and 
thus produces a counter E.M.F. Only a certain proportion 
of the ions are supposed to oe active. 

When a battery is closed through an external resist- 
ance which is inaintuined constant, the current will 
generally be found to vary very soon. It may fall owing 
to polarisation, or, later, owing to exhaustion of the cell. 
Increase in the internal resistance will have the same 
elfect ; but, if a decrease takes place, it may, under some 
conditions, be more than sufficient to compensate for the 
j)olari8ation, and in such a case the current will be found 
to increase to some extent as time goes oii,‘ although 
finally a decrease must, of course, take place. An example 
of this effect is shown in curve B of Fig. 9, and also in 
Fig. BD. . 


Pkff. Rto„ Tol VIL. pp, 195198 , 189 a 
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•THEORY OF THE VOT.TAIC CELL. 

Conutltution of th« Voluic C«U, p. 39.~Th<Tin%l lleUtioni, p. 42, —Th® 
Helmholtr, Equation and ii« AppluAlioo, p. 46.— Ktoaptiona to tdw 
Helmholtz Equation, p, 52,~To(nperatur« Co-«fflctaitt m a Thwrmo* 
Electric P^ffect, (k 53.— tdiemioal and Oontaoi TlMuriea, p. 65.-^ 
Contact Force, p, 67.— Seal of the K1.M.E., p.^1 • -Conclualooi, 
p.82. 

CONBHTTJTION OF THE VOLTAIC CELL—So far we 

have chietly considere<l the very Hiinplest form of cell 
Hut the broad question naturally arises : What are the 
essential conditions that must be fuUilled by the con- 
stituents in order that a voltaic cell should result f They 
appear to Ini tlie followiujj: — 

1. At least three tlements are necessary. 

2. One of these must Ik* a conductor of the first clasa 
(t.e., not decompo.sed by the passage of a current) ; one 
must be of the second class (ie., an electrolyte); tht 
third may Ijelong to either of these two classes. 

3. It is necessary that two of these constituents should 
be capable of chemical interaction. It is not, however, 
necessary tliat the reacjtion should take place upon the^ 
mere contact of the substaiices under onlinary conditions. 
Such a reaction may l)e imijossihle in the oit^nary way, 
although taking place readily in a voltaic circuit 

4 Finally, the liberation of an ion is necessary. The 
ion so liberated may give rise to the corresponding 
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molecule as one the final products ; or it may in £ome 
way enter into combination with* some other body. Con- 
^ecpiently, altlv)ugli a® ion is liberated, it is not necessarily 
evolved in the corres}>onding molecular state. This con- 
(lititm merely implfes that the primary decomposition 
of the electrolyte miist voltaic, not simply chemical 
reiiiapH a more general statement would l>e that, in their 
voltaiccaction, a separation of the electro- positive from the 
Jelectit>-negative ions must take place. 

Some ajjparent exceptions to these four conditions will 
be considered in Cha]>ter VI. . 

Most cells consist of two diflerent conductors of the 
first class combined with one or more electrolytes. It is^ 
however, possible to reverse the arrangement and to 
combine two electrolytes with one conductor of the first 
class. For exa'^njde, if solutions of sodium chloride and 
cupric chloride are separated by a porous partition and a 
strip of copper is partly immersed in each, a cell is formed 
wliieh is ca})able of generating a current. The K.M.F., 
however, is very low, and the cell is not a good example 
of voltaic action. 

A cell cannot be formed from three conductors of the 
first claSvS. For example, if a closed circuit consist of 
three inAals, all at the same temiferatiire, no current 
fiows ; and thus, if there are any E.M.F.S at the junctions, 
they are in equilibrium. From this fact there follows 
the well-known result of Volta, viz., that the RM.F. or 
conUict force at the junction of any two meUls A, N, is 
equal to the sum of the contact RM.F.s in the extended 
series 

A/B + B/C -f C/D + M/N; 

supposing additional meUils B,C, D M to be included 

in the circuit between A and N. If it were not so, it 
would be jm«ible to disturb the equilibrium of a closed 
circuit coDsisiing of three metals by the introduction of a 
fourth. 
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^though such a law has not l>cen v^-itiod for lujuids, 
it nevertheless 8t*ems that a true voltaic cell 

<*ould Ui formed simply fnnn thna? electfolytes. U 
dittieult, under these conditions, to 8e<^ hosv true electijflvtic 
action could lake phuie. This apjwiAintly r»M|uire8 a^is- 
(‘ontinuity in the circuit, such as is jUlorded hy the clmnge 
fn in «)nc class of (‘(mductor to the other in the cunvnt [with. 

The (luesiion of contact K.M.R will Ik* consiilerwl more 
particularly later on. • 

The ihinl condition above menthuuMl i.s well exemplilied 
hy Uu* V(»ltaic solution of zinc. When zinc is amalgamated, 
or when it is pure, it is unacUed u{>(»n by dilute sulplmric 
acid. lUtl if it is made the positive jdalt^ of a closed voltaic 
couple, solution rciidily takes place, a-s vv<* have alr(*ady seen, 
In the same way, zinc is Imt slightly all'eeted hy a solution 
of cau.^tic j)otnsh or stxla, unless coupled wRh some electro* 
m*gative metal such as iron. Conse(piently, the fact that 
a certain r(*acti(ui dfM*s not take [»lace under ordinary 
( ircumstances is not a criterion as to \vhetln*r the same 
reaction is jiossiljle or im|H>.ssihle in a voltaic cell. In 
fact, a cell will only he (‘ttieient if the reaelhm which it 
involves does not Uke place umler ordinary (Mmdilions, ie., 
on open circuit. 

In the simple volfaic element the liUuuted ion (referred 
to in the fourth condition) is hydrogen, which may be 
regarded as atomic. Atoms lK*iitg genendly incapable of a 
sepirate existence, they enmbine togeth(*r,and thus hydrogen 
gas is evolved in the !nole<*ular form with whicli we are 
familiar. But if a depolariser is jjreHent, such m c^qjper 
oxide, the hydrogen reduces it, combining with the oxygen 
to form water, and therefore d<ie.s not appear in a frece 
state. Or it may happen that the liydrogen repl«ice» 
another ion which is lil»erate<I in place of it^ as in the 
Daniell cell, where copja^r is lil)erated, although it is not 
immediately associated with the electro-negative ion which 
combines with the zinc. 



42 ^ PRIMARY BATTERIES, 

THBBBIAL EIILATIONS IN THE VOLTAIC OEli. — 

Electrical energy is produced in cell as a result of trans- 
formation of cheinical^energy. When a chemical reaction 
tak^svplace in the ordinary way (not in a voltaic circuit), 
the* energy is liberated in the form of heat ; but in the 
volUiic circuit this heat is mostly transformed and is, no 
longer ^evolved. Hearing in mind the principle of the 
ConserWtion of Energy, we may say that the electrical 
energy pr<Kluced by the voltaic solution of a given weight 
of any element, such as zinc, may, umler the most 
favourable conditions, lx', equivalent to the heat evolvevl in 
the solution of an ccjiial amount non-voltaically. 

If a quantity of electricity tlows due to an E.M.F. 
K, the electrical energy is convenience we may 

take to be the quantity which is theoretically generated 
when u gram me atom* of a monovalent element passes 
voltaically into solution, or which is required for the elec- 
trolytic liberation of a gramme atom. Let H be the amount 
of heat, expressed as work, evolved in the ordinary way 
upon the formation of a gramme molecule or equivalent of 
the compound formed by this voltaic solution. Then, if 
this heat is converted into electrical energy, we must have 
the follov^ing identity : E7o=H or, This equa- 

tion, first given by Lord Kelvin, shows the relation, under 
certain conditions, between the E.M.F. and the heat of 
formation of the compound voltaically produced. 

In addition, however, to a chemical E.M.F., like the 
above, there may be a thermal E.M.F., as shown by 
^ Feltiert effects at the various junctions in the cell, either 

♦ When the etomio weight of au element ie regerded as gramme* iuetead 
ft » mere number, the limiting weight i« termed the gramme atom. 'Hiue 
the gnunmeatom of hydrogen ia 1 gramme beoauee it« atomic weight » 1 ; 
the ipramme atom of chlorine ie ^*5 Vnecaoee iU atomic weight it 35'5. 
AjMdogouily, the gramme molecule ie the molecular weight of a molecule 
«aqt>r«Med ae geammee. Thue the gramme molecule of ie 18 gre. 

t When a current of electricity flow# aoroee tha junoUon of two metafai 
the Junction ie heated if the current ia in one direction, and cooled if in 
the o|i|»oeite direction. Thie phenomenon ie known ae the Peltier Effect. 
Here lelereDoe ie made chiefly to m«tal>lk|ttid junottoni. 
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asaiJtiug or opposing the chemical In order to 

arrive at the exact I'ehi^tui between K.M.F. and heat of 
fonaation, let us refer briefly to certain t^enuodyiiamic 
conditions, ^ 

According to the second law of thernnKlynamica. 
<Mii^inuous work cannot l>e done by u transference of 
hejit in a system of Mka which are all at thy saiBie 
teiniKTatiire. Heat energy is present, but it not^ 
availahh^ (Uvea, however, two iMwlies, one. at temperatures 
T and the other at the slightly higher teiniKirature T+dT, 
theif a certain ammuit of work can Ini done by the flow of 
heat from the hotter to the cooler body. But this heat 
cannot i>e cotnpletely tmnsformed into work. As a 
general principle it may he staled that wlum a fpiantity of 
heal H is brought from a temperature T+(n(on the 
ahsolutc Bcjdc) dowm to a temperature Tt the maxitnum 
(luantiry of this licat which can 1 h.‘ transformed into work 

is not H, hut For the proof of this statement the 

reader must i-efer te wr^rks on thermody mimics, as it 
would Uke too long to give the proof here. Since we 
shall have oc'casion to refer to this result later on, it will 
be advistible to <'-learlv bear in mind that 

•’ AT 

work obtainable from heal H=H . 

Now consider the case of a reversible cell, that is one 
in which the various processes are completely reversed 
when the direction of the current is changed. Tliis 
condition is very approximately fulfilled by a Daniell txsll | 
containing zinc sulphate and cop{)er sulphate solutions. 

If a current is generated, zinc is dissolved at one plat^ 
and copi>er d^\mited at the other. On causing an equal 
numl)er of coulombs to flow round the ciriyit in the 
opposite direction, zinc is deposited and copper is dissolved, 
the reactions being reversed, though quantitatively equal 
Thus the chemical changes and the amounts of 
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correRponcling With the reactions are reversible. 'The 
Peltier effects are also reversij)le ; but there is one 
quantity wfiicK cannot be reversed, viz., the heat caused by 
the r^^sistance of the circuit t(> the flow of current. This 
dejinds upon the B(Juare of the current, and is therefore 
independent of the (iwectiotn)i the current: heat is always 
evolved^ never ab8orl>ed, when it is due to a current 
flowing*^ through a resistance. Put as this heat is pro- 
^iortiohal to the product it may be rendered negligible 
by making the rc'sistanca* in circuit large, so that the 
current is small, and all the thermal cHects are then 
practically reversible. 

Let the E.M.F. of a reversildeccll l)e Eat some tem])era- 
ture T (on the ai>sohite scale). We may sin>j)ose the 
E.M.F. to be due to a certain chemical heat H, together 
with a certain' heat of a purely thermo-electric 
character, so that E is given l»y tlu; expiation 

K=W'+»'. 

Jo % 

To find the value of H, we will take tlie cell through the 
foll(»wing cv(de of operations: — (1) raise its temperature 
slightly above T, say, t(» T-f-rfT ; and (2) allow it to gene- 
rate (|o coulombs of electricity. The E.M.F. at the higher 
temperature will not generally l>e the sanu‘ as at T. Let 
it be E-fdE. The electrical energy generated is then 
yj>(E-|-dE). (8) N(»w allow the cell to cool down to T; 

and (4) pass coulombs in the opposite direction (?>., in 
opposition to the E.M.F). The electrical energy necessary 
^ for this ojieration is ^^^E. 

The cell is now in its oiiginal .sUite. The heat that 
was required to raise the tenqieratnre to T-I-^^T was 
recovered iqum coeJing ; and the chemical changes, which 
give rise to Jhe direct current, are revei*sed by the charging 
current, for the cell is by hyjxithesis reversible. Now, in 
tl)e second operation the cell gave energy amounting to 
y/E-fdE) to the e.\ternal circuit, and in the fourth 
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o]>eration enerjjy to the extent of returned to the 

cell. Hence Ifie external circuit luw actually gained 
cuerg)' amoiuiliug to • 

}„(K+rfK)-9„K=7jrfR. 

This is the ciise every time the cycle of ojHjrations is 
cortipleteii. Consequently, tlie cell Is ahh‘ to furnish an 
endlesH supply of energy l»y continuing these o|)eraUoii8. 

But, since the chemical pr(H'esse.s are each time reversed, 
this energy is not due to the ( hemical KM.F., whielt ij^ 
practically the same at the two tenijn^ratures. It must, 
theildore, U- due to the term H„ whicli we liave called the 
lhermo-(declric Ijcat. The energy gained is not. however, 
sim]>ly e«pnvuh‘nt to this heat; for. m we have already 
seen, suelj heat is not wholly availahia 

We must, therefore, write 

• 

from w Im h wi* have 



as tlie rc(pun*d value of 11,. 
becomes, liy .suljstitution, 

E- 


The e(juation for E now 

This most important etpiation was first given by HelmholU. 

The reader may feel some dophi as to whether the heal 
H, really falls from the temjKTature T-f-^/T down to T, 
i.c., whether tin* necessary heat is ahHorl>t*d by the hot 
cell ; for, it will U* observed, the energ}' in the cycle 
of o|>eration.s was restored to the cell at the lotoer tem- 
j>erature. That such is really ilie vmt may Ije scjen by 
coDgidering two cells, at the two ditferent temperatures, 
coupled up in opposition to each other. Such a system 
wdll give a current so long a,s the difference in temjiera- 
ture is maintained, notwithstanding the fact that the total 
chemical KM.F. is zero. The energy hs, therefore, supplied 
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:,he tnenno-electric E.M.F. If the necessary *heat 
absorbed at the lower teinj>eratiire it would only le 
ssary to ifiirronii^ the hot cell with a non-conducting 
It in order to produce perpetual motion. Con- 
L*ntly, the heat must be absorlxid at the higher 
lerature. If th»hot cell has a lower E.M.F. than, the 
one the current is a reversed one through the hot cell, 
liiat is still absorbed at the higher temperature. 
fi a cell has an E.!M.F. higher tliaii that which is 
ailent to the cluMiiical reactions it must absorb heat 
Buerating a current, and evolve heat when a reverse 
!nt is passed, and vice versa* If the E.M.F. does not 
with the temperature, or has no teinjicmture-eoefficient 
is called, it is then given simjdy by the heat of fonna- 


and tlie Helmholt/ ecjuation reduces to the simpler 
given by Kelvin. But this is very seldom the case, 
the above (‘(puition is expressed as work, not 
ly as heat For c»ur ]uirpose, however, we sliall find 
ore convenient to have this (pmntity expressed in 
ie8.t When that is so. let it be represented by H; 
= where d is the mechanical equivalent of 
Thus 


Qo dl • 


J is equal to 4*2 million ergs, and is equal to 
:0 coulombs, or 9,t)o4 C.G.S. units of electricity. We 
fore have 


IT 42XlO®vr , rii ^E < 


Lpressing E in volts, 




I, fartlMir, Omvw L«oturM on iEeotro Clitinigtrj by J. Sinnbtiriit, 


dl of Sodniy of ArU, 1896. 

Oftknift it omount of hoot roquired to mite one gromixie of wnur 
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If tMl temperatunj coefficient is zero and the E.M.F. unity, 
we see that H = 2,‘M>00. In other words, in order that & 
chemical reaction should *give rise t(fcone volt in a voltaic* 
circuit it must, under ordinary cheinicud couditiouH, e^jplve 
2:}, 000 heat units, or calories, per grfimnie eipiivalent^f 
the,coinpound formed. • 

(leuerally, when (‘.onsidering the thermal relations in 
voltaic cells, we have t(> <U*ul with hivahuit element, 
such as zinc, cadmium, copper, &c. The equivaleirts of 
monovalent metals are e<iual in value to their atomic 
weights ; but, in the case <>f bivalent elenu-nts, the eipii- 
valents are only half the atomic weights. '1 1ms a granunc 
eipiivalent of hydn^gen is 1 (the atomic ^^eight btung 1); 

but a gramme cfiuivalent of zinc is (ll»e at^miic 

W(‘ight being Co o). To av(nd the in^mvwuenee of 
dividing by 2, it is preferable t»> reinemlier that the 
number of calorics ecpuvalent to one volt in the case of 
bivalent elements amounts to 40.000, in which case the 


equation becomes 


M +T'(®, in volts, 
40,000^ dt 


H txjiii" here used to indicate the heal evolved when • 
eramine'’utom of a f.ivalent element eiiK-rs into combiim- 
tion, or when two gramme atoms of a monovaleni 
element likewise enter into comhination. 

When the KM.F. diminishes with rise of temperature 

becomes negative, and must lie mhtraoled from th< 

'^rely chemical part of the equation instead of 

added* . 

This equation has been obtained on the assumption thai 

the cell ie reversible, but there is no reason why it sliouk 
not be applicable to cells which are irrcveesible witl 
rMard to the chemical reactions. Reversibility ha- 
nothing to do with the generation of the current, although 
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an irreversible reaction completely changes the effect of a 
reverse current. 


^^t US now consider one or iwo exanipiea of the calcula- 
tion of the chemical part of an E.M.F. In a simple element, 
consisting of zinc aftd pliitinum in dilute sulphuric acid, 
zinc sulphate is formed when a current is generated. As 
to wlMher this salt is formed by the direct union of metal 
1 and acid radicle, dr whether the metal is first oxidised 
and then dissolved, as stat4‘d by early physici.sts, is of 
no con8('{|ueiiee. The result is the same from tlie th^^rmo- 
chernical iioint of view. According to the older idea we 
have 


Zn-fllH2()=:Zn(()iI)a-f-H2; 

and then 

Zii(( )H )2 + J >4 = ZnS( >4 + 21120, 


The final products are zinc sulphate and hydrogen. 
Although two molecules of water are broken up in the 
first eipiation, they are re-formed in the second. Thus 
the quHiilities of heat relating t<» the w'ater cancel out, and 
wo have simply the heat of formation of zinc sulphate, 
such as re.sults on dissolving the metal in sulphuric acid of 
the strength used in the c(dl. The lieat of formation of a 
gramme molecule of this salt, using dilute sulphuric acid, 
is 37,730 calories, and conseipuuitly the E.M.F. is 


37.730 

40,000 


= 0 82 volt. 


It is found that a single cell of this kind will not 
viecompose W’ater (acidulated) under ordinary conditions. 

^ This is rt'adily understood when it is remembered that the 
heat of formation of water is 08,400 calories per gramme 
molecule. Thus the E.M.F. necessary to effect decom* 
position greater than 


68, 400 

46,000 


1*49 volta. 
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Let us now transform our simple element into a Daniell 
cell, containing zinc in dilute sulphuric acid and copper iu, 
a solution of copper sulphate. 

In this case, also, when a current, is generated, life 
sulidiate is formed, but hydrogen is no longer liberated. 
The*latter reacts electrolytically wilhlhe copper sulphate, 
and copper is deposited instead of hydnigon, as indicated 



Fia. 13.— UeactiotH in a lUniell Cell 

• . r * 

in the top diagram of Fig. 13. W«* have not only the 
reaction 

Zn + HjjS 04 = ZnS0j-|-Ila, 
but also that expressed by tbe equation 

lIj+CuS(d, = HaS<>4+Cu. 

The heat of formation of zinc sulphate, as already stated, 
is 37,730 calories. Now the solution of co[)i>er by dilute " 
sulphuric acid does not take jdace unless heat is applied 
In fact, the heat of formation of copper sulphate in this 
way is negative, being equal to -12,400 calories: the 
reaction is what is termed endothermic. % But in a Daniell 
cell the reverse reaction hikes place. This is, therefore. 
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exothermic and evolves heat to the above extent, donse- 
quently, the use of copper sulpjiate as a depolariser in a 
Daniell cell ^raises the E.M.F. above that of a simple 
eluent by an amount corresponding to 12,400 calories, 
the total chemical l^eing 


37,7:10 + 1 2,400 _ 50.1^0 


= 1'09 volts. 


From this it appeals that, if the addition of a depolariser 
is to cause an increased E.M.F., it must be of such a 
nature that the reaction with the polarising ipn is 
exothermic. 

This cell may also be regarded in a slightly different 
way. Expressing the heats of formation of gramme 
molecules in the usual manner,* we may represent the 
heat evolved hy the formation of zinc sulphate (from 
Z\\ and SO4) together with the breaking up of sulphuric 
acid as follows : 

[Zu, SO4]. 

In the other reaction, consisting in the formation of 
sulphuric acid and the breaking up of copper sulphate, we 
have the following : 

IH2. S04]~[Cu, SO4]. 

» 

Thus, for the complete reaction, we have heat to the 
extent of 

[Zn, S04]~[Hg, S04]+[H,, S04 ]-.[Cu, SO4], 
or, simply, 

[Zn, S 04 ]~[Cu, SO 4 ]. 


That is, the chemical E.M.F. is due to the difference in 
the heats of formation of zinc sulphate and copper 
sulphate. We do not know the thermal value of the 
reactions 

[Zn, SO4I or [Cu. SO4]. 

^ An •xprMiioQ, tooh m [^, O4, SO,], iudicaiM th« b««t evolved wImi » 
fPMniMi moleouk of o eompouod it formed from tbe oonetitxieaitt 
L Um Imekota. 
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but,«s we are only concerned with in the 

heat of formation of two similar suits, we may take some 
other method of forniatien in our ^Jculatjons, providedr 
the same method is tiikeri for iK)th salts. Tims we know^ 
from the work of Thomsen, tliat 

, [Zn, Og, SOa]= 177,420 Ailories, 

and [Cu,0,, SOg] = 127,290 

Therefore 

[Zn, S 04 ]-[Cu, 80*]=* [Zn, Og, SOg]-[Cu, 0,, SO,] 

• = 50,130 calories ; 

whence the value of the EM.F. is seen to Ije the same 

08 l>efora 

It will be noticed that these calculations are indepen- 
dent of the sulphuric acid. Ko sooner is one molecule ol 
the acid decomposed tliaii another is formed, and thus the 
corresiMjndino (quantities cancel. Conse<]uently, any other 
suitable suliduiU^ Upsides that of hydrogen, may ec^ually 
W(}11 be used. In pnwitice, a solution of zinc sulphate is 
employed, in which case the relictions aie those indicated 
in the lower diagram of Fig. 13, p. 49. 

In these examples, only the chemical part of the E.M.F. 
has been considered.# When tlie law was first given by 
Lord Kelvin, the thermal part was not included, and, 
con8e<iuently, the calculations based iijion the theory were 
not well supiwrUMl The fact that a purely thermal temi 
enters into the ailculation of the E.M.F. from theniio- 
chemical data, rendering it im}>ossiide to complete such 
calculations merely from the latter, has too often beeti 
disregarded by writers upon this problem. In the case of 
the Daniell cell the temperature coefficient is very smaU, 
and thus its effect upon the KM.F. may be neglected 
But^ in general, the thermal term is considerable* 

4b a verification of the Helmholtz equation the 
following results are of interest They are deduced 

Ji2 
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from the work ‘of Jahn* upon a number of revefsible 
cells of the Daniell type : — ^ 


“T i 

Nature of Cell. 

- ! 

dE 

dT 

E.M.F. in volte. 

1 

In vults. 

Calcalat'dpbierv'd 

Cu,CuSO. + 100HaOiZnS^;»4 + 100H,0,Zn 

Cu, CaC.HaO*, Aq 'PbC^HjO. + lOOHjO.Pb 
Ag, AgCl 'ZnCla + 100H,O, Zn 

-^OOOOOM 

1*0976 

1*0962 

0*4764 

+ 0*000385 

0*4940 

-0*000409 

1*0429 

1*0306 

Ag, A^fCl 'ZnCL + SOHjO, Zn 

-0*000210 

1*0086 

1*0171 

Ag,AgCl 'ZnCla + ZSHaO.Zn 

Ag, AgBr ' Zn Bra + ZSHjO, Zn 

Ag,AgNO,+ lOOHjO Pb(NOa)3+ 100HjO,Pb 

-0000202 

0*9687 

0*9740 

-0*000106 

0*8383 

0*8409 

-0*000632 

0*9336 

0*9320 

Ag.AgNOa + 100 H, 0 'Cu(N 03 )j + lOOHjO, Cu 

- 0*000708 

0*4587 

0*4680 


The Helmholtz equation shows us that the E.M.F. of a 
cell is limited by the heat of the reaction involved ; and 
it is for this reason that E-M.Fs. have not been obtained 
much higher than 2 volts. Althcmgh there are many 
reactions whiih con’cspond to a higher pressure, unfor- 
lunately they aie not available voltaically. It might be 
thought that a higher E.M.F. could be obtained by having 
reactions, as it wcr(% in series, just as the E.M.F. of a 
simple cell is ruisetl by having copper sulphate in circuit 
and thus converting the cell into a Daniell. The depola- 
riser undoubtedly adds energy to the combination. But 
tlie addition of another solution in a porous pot between 
the zinc sulphate and the copper sulphate would produce 
little or no effect on account of the decompositions which 
must accompany the formation of every compound at the 
surfaces of separation of the electrolytes. 

APPABENT EZOEPTIOKS TO THE HELMHOLTZ EQUA- 
TION.— A good deal of care is necessary in calculating 
the E.M.F. from thermo-chemical data, for reasons we will 
very briefly consider. In the first place, we assume that 
a certain chemical reaction takes place in the cell in 
question ; but this reaction may in reality be considerably 
modified. For example, films of sub-salts may form upon 
" • WiMl. Ann., X6L 28, pjp. 2143 and 491-497, 
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me plates ; or the electrolyte may contain dissolved gases, 
which coinhihe with ga^es that aiv formed voltaically, 
On that account the RM.F. observed by^neans of an 
electrometer, or when only a very s^mall current i* fe- 
quircd, may differ from that which is found when a 
coiifiiderable current is l»eing gcrferated (ajmrt from 
polarisation effects), the latter value corresponding with 
the normal chemical reaction. ^ ^ 

Secondly, the therm(»-chemic;il data are obtiiined by the • 
interaction of suh.Hbinccs in the onlinary sUte, whereas 
elecCtt)lytically dcposik‘(l or reduced metals may Ixj 
materially different. Care must always be taken to ensure 
that the thermal data taken do really correspond with the 
reactions that are assumed. Heats of dilution must also be 
taken into account. The care that is necessary is well 
shown in the many investigations on the KM.F. of the lead 
accumulator as calculated from such data. 

Thirdly, thermo-cliemical daU cannot be accurately 
determined, and thcref(»re (ralculations bawid upon them 
should be accepted with some caution. For example, the 
heat of reaction of leati acetate and zinc is given re 8 j)ec- 
tively by Thomsen, Favre, and Andrews as 34,950, .31,200 
and 37,710 calories. 

• * 

THB TBMPE&ATXTBE COUmOXENT AS A THEEK0> 
EXiEOTElO BPFBOT.— Before leaving the subject of the 
thermal relations that are to be found in the voltaic cell, 
it will be of interest to consider the temperature coefficient 
a little more from the thermo-chemical point of view. 
We have so far looked upon this variation of the RM 4 F. 
as due to a Peltier effect If that is i-eally tiie case, it is^ 
reasonable to suppose that the change of F.M.F. per 
degree is the algebraic sum of variations of KM.F. at the 
various junctioua The mean variation of "1EM.F. of 

dfE 

a thermo-electric couple at any tcmpciuture, or ^ » 
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known as the thermo-electric power of the couple. The 
kbove suppowtion may thereforl be expressed by saying 
ibat the temperature coefficient of the cell is equal to the 
sum of the thermo-electric powers at the junctions. 

Experiments have been made by Bouty, and also by 
Carhart, which verify this statement. In a Daniell cell, 
for eiiample, there are three contacts, viz. : — zinc / zinc 
I sulphate, zinc sulphate / copper sulphate, and copper 
sulphate / copper. Carhart investigated the two metal 
liquid junctions, and obtained results which are graphi- 
cally shown in Fig. 14. Here the ordinates represent the 



Fia. 14. — Curv«8 uliowtiiff ike E.M.F. oi therino-oou|^ at tike 
luetoi / liquid juucttoiie in a Daniell Cell. 

' var’ation of K.M.F., and the abscissa' the corresponding 
temperature of the hot junction, the cold junction being at 
0°C. CuiTe B shows the increuae of E.M.F. when the 
Ou/GiiSO^ junction of an exj)erimental Daniell Cell was 
heated, th^ Zn/ZnSO^ junction lieiiig kept at 0^. Cun^e 
A ihows tl'e decrease of KM.F. (plotted for conveiiience 
as an increase; when the Zn/ZnSO^ junction was heated 
Th^ ciirvea are nearly the same as those obtained for the 
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two togle thiermo-couplea Cu/CuSO^ aiid 2n/2InSO** The 
thermo-electric j)ower8 of the latter were found to be 
0*00073 and 0-00079 respectively. Now, in % Daniell cell 
these are opposed to each other. Consequently, negle%tyg 
the zinc sulphate / cop|>er sulphate junction, the effect of 
whjph appears to hi) very small, the^sum of the thermo- 
electric towers amounts to 0 00079 -0 00073 » 0*00006 
volt per degree. The change of the RM.R [m degr^J of a 
incKlified Daniell cell wjus found by Curhart to l)e 0 000073 
volt. The agreement is not very cxat'.t, but is suttlciently 
closrto supj)ort this method of regjirding the mutter. 

I^t us now pass on to a brief consjd(‘ration of the chief 
theories that have ))een put forwaitl to ac'count for voltaic 
action. 

THE CHEMICAL AND CONTACT THE^^EIBS.— Volta, 
as already mentioned, found that- the nrasciilar movements 
observed by Cbilvani were also produced on connecting 
two parts of the same muscle by an arc of two metals. 
He therefore came to the conclusion that a junction of 
dissimilar metals was ncees.sary in 8\ich experiments, and 
that the foree which gives rm to the obsmvt.il piienomena, 
and to voltiiic phenomena generully, is due to the 

contact of the mefals. According to this theory, the 
KM.F. of a cell consisting of, wiy, zinc and platinum in 
dilute sulphuric acid, is due merely to the junction of zinc 
and platinum. In support of the c»mtact theory, as it is 
called, VolUi constructed a dry pile, which h.as already 
been descnbe<l, and he also carried out a uuml>er of 
electrostatic experiments. 

One of the most important results obud'ied may he* 
stated as follows : — If a condenser Iw matle of two plat<)S 
of different metals, such as zinc and copi>er,^ which are 
connected for an instiint by a piece of zinc or copper rod 
(i<i, by one of these two metals), the condenser becomes 
charged. On separating the plates, the leaves of a gold 
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leaf electroscopec connected to one of them diverge, giving 
a measure of the charge and of the force giving rise to it. 
*By observing the «divergence,* and by carrying out 
mgf^urements with different metals, Volta found the 
cohtact force to be ‘definite for any given couple, and he 
was able to place tke meUils in a series, such that any 
metal is electropositive to all those following it in the 
series*^ Thus zinc is electropositive to iron and iron to 
copj>er. He also (lenionstratcKl the fact, known as Volta’s 
law, that, if there is a series of contacts, the contact 
forces are additive. For example, indicating the contact 
force of a copj)er-zinc junction by C’u/Zn, then, in the case 
of iron, or any other metal, we have tlie relation 

Cu/Fe-f Fe/Zu=Cu/Zn. 

This fact is illustrated in the adjoining diagrams. Fig, 15 
represents a condenser having copper and zinc plates, 
connected by zinc and copper strips. The force is due to 


CdflZn 


CJ 


Fio. 15 . — ConUct Force, 
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Zn 


Fio. 16.— Contjfcct Form 


the junction of the latter. In Fig. 16 a series of metals, 
is also included in the circuit. The force is 
now the sum of all the contacts, thirs : 

Cu/Mi+ MJMj + Mj/Mj-f Mb/M^ + KlZn. 

But, in accordance with Volta's law, this is simply equal 
to the contact Cu/Zn. In fact, in an open circuit, which 
the above is pcs^tically eijuivalent to, the force is due 
merely to the end metals, beiny iiidependont of inter- 
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mediate ones. If the circuit were closed We should have 
Cu/Mi+ Mj/Mj -f USU -h Ms/M^+M^/Zn + Zn/Cu, 
which reduces to ‘ 

Cu/Zn + Zn/Cu. 

Assuming that tlu* force from c(»pper to xinc is equal and 
opjfnsite to that from zinc to copper, wc have 
Cu/Zn= ~ Zn/Cu, 
or Cu/Zn+ Zn/Cu = 0, 

i.e., the total force in the clos(‘d circuit is zero. This is 
fountl experimentally to Ih' true, provid(Hl the temi>tuuturo 
of the circuit is uniform thr»)ughoul. 

In reviewing the ('ontJM't Theory from the historical 
point of view, it must he rememlK‘re<i that the l^w of the 
Cdis(Tvatioii of Knergy was not brought forwanl until long 
after the lH*ginning of the jucsent ceiilur/, and then^hw 
the absurdity of suj»posing that the mei\i (jontact of two 
meUls could give rise to a continuous flow of (dectricity 
was by no means self-evident. There wius, on the other 
band, a gfxxl deal (d evidence, in favour of such an idea. 
Even the phenomenon of electrolysis obsi*rved in fluid 
cells could, without much difliculty, l)e nxgarded as an 
effect rather than tlu*, cause of the current, ajid thus, 
indirectly. a.s an eflect dne to the metallic junction. 

That chemical action invariably takes pltu^e in a voltaic 
circuit was very s(H)n proved hy the opjxments of the 
Contact Theory, who therefore concluded that all the 
observed phenomena were due to chemical action, and 
that contact force was a negligible (juaiitity, or non- 
existent. As already mentioned in Chapter I, a very 
lengthy dispute arose between the supiiorters of the^ 
Contact ami Chemical Theories. 

OOhfAOT FORCE — Let us now consider a little more 
carefully the nature of Volta’s contact force. Unfortu- 
nately, even after the lapse of a century, scientific opinion 
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is still divided upon the question. This remark must^ 
jndeed,,be extended to the wh^le theory of the voltaic 
cell; and theVefore ^he reader should bear in mind that 
the opinions here expressed do not necessarily embody the 
only views that are of value : no theory at present put 
forward ciiii Ixj cofisidered as more than a working 
hypothesis open to a good deal of adverse criticism. 

^ Loi*ti Kelvin Ims given an elegant experimental proof 
‘of the existence of contact force. A light metallic 
electrified needle A (see Fig. 17) is suspended by a wire 
over a metal disc, which is divided into two halves in 
contact with each other. When these are of tlie same 



metal, say copper, and are placed symmetrically with 
regard to the needle, the latter is not deflected, however 
highly it may be chaiged. But if one of the copper 
segments is replaced by one of zinc, a deflection oecura 
I When the chaige is positive, the needle deflects towards 
the copper ; when it is negative, the deflection is tow^ards 
** the zinc, thus showing that the zinc is positive to tlie 
oopper. In this experiment the needle should be main- 
taiued at ^ high jiotential, which is most readily effected 
by csonnecting it to a highly charged Leyden jar. The 
metal segments may be connected by a wire, or they may 
be placed directly in contact, or even soldered together : 
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the result is always the same. But if the segments are 
slightly sepiiratM, and ufh then cnnpected ^y a drop of* 
water instead of by a piece of wire, the needle is no longtir 
deflected. This rcstilt has been Uiktn to indicate flfrt 
there is no contact force between in^’tals and water, but 
later research has shown that a small contact force does 
exist. ^ 

When speaking of contact K^I.F. it is well to reraeinber 
that the effect is piudy sUtical, and dilVers materially 
from*an E.M.F. which givivs rise to conlinous current. 
If a piece of copper, Cu (Fig. 18), is joined metalliimlly U) 
a piece of zinc, Zn, the latter is ehurged jiositively and 
the former negatively on a(‘count of the contact E.M,F. 
But no cuiTent flows on completing the circuit, however 
that may be done, liecause an ecjual and opposite contact 
E.M.F. is introduced by so doing. The zinc still renmiuH 
positive and the copjHT negative, as imlieated in the 
figure. It will, tliendore, readily la^ seen tlmt all measuro- 
mentsof contact force must be of a statical kind, involving 
the use of a condenser or some equivalent arrangement. 

Now ha ns consider more particularly the measurement 
.of contact force. Koblrauscb, who carried out a large 
number of such imyisurements, made use of* an air 
condenser, having its plates of tlic metals whom^ contact 
force was to lie measured. An insnlaUn) plate of platimmi. 
for example, is snp]Xirted opjiositc and parallel to an 
insulated plate of zinc, the disUinCA? lietweeu them being 
coni|/arativt?)y small The plates are eonnecUd for an 
instant by means of a wire of any c^mvenieut metal Let 
Ft, Zu, in Fig. 19. be the ])latei^. and Cu the connecting 
wire. ' Then the eouUct force mling is: Zn/Cu-fCu/Ft 
aa Zu/Ft, which is what we wish to measure. The plates 
become charged, by reason of the contact f<j«se, with a 
certain quantity of eleivricity, and, therefore, wlien tl^ 
oonnection is broken, the plates remain at difTerenl 
j^tentiak Tlie object in view is to obtain a measure of 
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this potential difierence. If the two plates are next con- 
nected to the terminals of an electrometer, the latter becomes 
Charged. Now the (Quantity of electricity on the plates 
of a^ondenser is equal to the product of the capacity into 
th^ potential difference, or, in the fonn of an equation, 
QasKV. If Q is constant, as in the present instancei V 
must vary inversely as K. By the introduction of the 
clectrameter, the capacity of the system is increased. 
J Consequently, the potential difference is decreased, and 
the deflection on the instrument may be too small to be 
(»f any value. But if the platinum and zinc plates* are 
separated, the capacity is much diminished, and thus the 
potential difference at the terminals of the electrometer 
is increased sufliciently to give a much larger deflection 
than would otherwise result. 



The deflection thus obtained is a measure of the so- 
called contacit force. If a plate of copper, of the same size, 
is substituted for the platinum and precisely equivalent 
* operations are carried out with the copper-zinc condenser, 
are described above for platinum and zinc, a different 
deflection is observed on the electrometer, giving a 
measure of the contact force Za/Cu, The actual value, 
in volts, (J the electrometer reading may be found by 
making both phstes of the condenser of the same metal, 
chaiging them to a known difference of potential 
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meant of a Daniell or other suitable cell, and olwerving 
the deflection ujv)n 8ti|mmtiug the plates as before. In 
this way, contact forces between difl'ment pairs of metals* 
may not only be compared, but their actual value maj 
detennined. It is here assumed tliat*the capacity of the’ 
condenser is the sjune in all imiasuixnnents. This 
condition, however, is not easy to f\ilHl accurately. By 
the substitution of one luettil for another it may hnfpen, 
for example, that the disUince Ijetween the plates does not 
remain quite the vSiime, or, j>erhap8, the area is somewhat 
different. To avoid errors of this kind, Kohlrausch intro- 
duced a Ihiniell cell into the ciicuit used for coiuu'Cting 
the condenser plates, hy which means the value of the 
contact force is o)>taiuahh; in terms of the HMtF. of this 
cell as follow.s : — 

liCt a l>e the deflect ion of the electroftieter when a 
simple wini is ustul to conneet tlu* plates, jis already 
deserihed. Since u is proporti<mal t > the charge, ami 
thus to the contact force giving rise to it, we may write 


Zii/Pt*/va, 


0 ) 


where k is a consUnt. Now include a I)aniell cell, wliose 
EM.F. is E, in the connecting wiix*, as shown in Fig. 20. 
It must l>e rememlMvred, in estimating the conUi'it forces 
here in action, that the contact at A, of the? zinc plate of. 
the Daniell with the copiK‘r wire, must l>c included in 
the cell, IxKiausc the E.M.F., E, necessarily includea this 
contact. In fact, the cell, to lie compleU^, must have boUi 


poles terminating with the same metal, say copper : this 
is not actually ^he case in practice, but the closing of the 
3 ircuit by any metal is equivalent to it. Thus the total 
jLM.F. is given by 

Zn/Cu+E+Cu/Pt 

«Zn/Pt+E, 


and. if is the deflection observ'ed, we have 
Zn/Pt+E*Ar^. . 


m 


• • • • 
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The Teliie of ^n/Pt is now obtainable in terms of the 
EM.F. of the Daniell by eliminating h. Thus, by substi- 
tuting in eqi^tion (!J) the value for k given by equation 
(1), we have 

Zn/rt+E=Zn/Pt.^. 

a 

* 1 ;* 

Therefore. Zn /Pt = i 

a 

= E-A_. 

In this way the value of a contact force is obtained in 
terms of a known KM.F. A direct comparison between 
contact forces is avoided, and it is only necessary to 
maintain the capacity constant during nieasurements of 
any given paiy of metals, which is comparatively easy. 
Whether an alteration is introduced in the caj)acity on 
changing from one mebil to another is immaterial, so long 
as the contact force to be meiisured is referred in every 
case to the Daniell cell. 

Loi-d Kelvin, in measuring contact force, employed a 
null method, which will be understood on referring to 
Fig. 21. The two plates under observation, which ara 
represeiUied by Zn and Cu, are plac^ at a small distance 
apart and are connected to a quadrant electrometer E. jr 
they are meUillically connected they become charged by 
the contact force, and if they are separated, after this 
connection is broken, a deflection of the electrometer 
results But if the chai-ge upon the plates could be 
exactly neutralised, by an EM.F. equal mad opposite to 
tike eoniacc lorce, no deflectioil would occur. This can be 
readily effected by the arrangement indicated in the 
figure. Current from a battery B flows through a 
resistance «BK', along which a sliding contact S can be 
placed in any desired position. Thus the potential 
dilference between S and R' can be varied. If then 
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contifct made at P, there is a circuit* from <Jiie plato 
to the other, and this circuit can l»e matle to include a 
potential difference actiilfe in opposition the contact* 
force, and tendinfi^ to neutralise the charge upon the 
plates. "When the slider is adjuate<l ft) that the chargers 
neu|raliHed, t«., so that no deflection 000111*8 on separating 
the plates, then the |x)tenti»d difference Ifetwecn 8 and R' 
is e(|ual to the eontfict force. ^ 

Hankel, IVlIat, Brown, Bfaff, Von Zhan and many 
others have carried out ine^suivinents uj>on conUict force. 
The «KJ 8 t coinpleUt c.\iR*rinicnt« were made by Ayrton 
and Perry,* the principle of whose n»eth«Hl we will briefly 



Fio. 2l.—Kelvin> Null Method of McMuring Contact Fore*, 


describe. Keferring to Fig. 22 , A and B are two plates of 
the metals under oWrvation, niebillically connected : 

• '' -f * 

C, D are two gilt bniss plates connected to the teminals 
of a quiulrant electrometer : tht^y are parallel to A, B, and 
at a definite distance fr<au them. . A, B, by rciison of the 
contact force between them, are charged— one positively 
and the other negatively There will, therefore, H charges 
induced upon C and D. Hie latter are at first metalii* 
tially connected together and earthed. In this way the 
free charges are removed (the plates C, Jj being of the 
same metal), and a zero reailing of the electrometer is 
taken, after which these plates are insulated from each 
other and from earth, but remain connected to the 


* Em, Koyal Soc., Vol XXVII., p. 197, ucl rhO. Tmn*,, 18W, fm i, 
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electrometer. A aad B are now interchanged, A Being 
placed below 1) and B below C, the distances being 
preci.'?(d}' the 'Same before. T^ie deflection of the elec- 
tr^ovieter, when this is done, is a measure of the contact 
force. Although tfie principle of the method is simple, 
the actual a])[>arati!s is intricate and requires careful 
adjustment. 

(,V;»aaet forces also exist between metals and litpiids, 
and bctwcam difl’erent licjuids. These can all be measured 
by the method of Ayrton and l*erry. For this purpose 
the lupiid under observation is held in a basin and the 
surfu<e is brought into the ))Osition A in Fig. 22. If 
the contact force between this Ihpiid and a metal is to b(^ 
ineusurei.!, the latter is jdac-ed, as before, at B, contact 
being made by a strip of the same metal attnebed to the 
plate and diiTping into tl'.ft liciuid. The contact force 
between two liquids may U* measured by baxing one at A 

I . 

X ^ § 

Fw. 22.— Ayrton »nd Perry’s Method of Mea'surlug CouUct Force. 

and the other at B. In that case*‘e«»ntaet is made by 
means of a siphon tube closed at each end by a membrane 
and tilled witli one of the solutions: tliis luk^ is allowed 
to dip into the two basins. 

With regard to inetul-liqui<l and liqiiid-liquitl junctions, 
it is found that the apparent eoiitaet forces do not often 
obey ^’^’ol la’s law. This is not altogether surprising. 
When two meUls are placed in contact, no chemical re- 
action as a rule takes place ; or, if there is a i-eaction, it is 
generally far too minute (with the exception of mercury) 
to be okerved, unless it be allowed to continue for weeks. 
But when a metal is immersed in a liquid, chemical 
change of an electrolytic nature may take place with 
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compSlrative ease, and thus it i« not surprising that th6 
RM.F. in a closed circuit, ^suoh as zinc / neutral potassium ^ 
chloride /mercury /zinc, is not zero. * • 

In the same way, chang(‘s may take jdace at liqiwl 
junctions owing to chemical reactions and to diffusion. 
To prove the failure of Volta’s law' ifi the ctise of liquid 
junclionH, Fechne.r* dipjHMl identical metal jdates M. M 
(Fig. 2*1) into two vessels containing the .s<ime liquffl, L 
These vessels he placed in communication, by means of 
moist cotton wick.s, with two others C(nitaining diffenjnt 
liquids Lp Lj. If Volta’s law’ applies to the liquid 
junctions, there should Ut no curi'cnt upon closing the 
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circuit, because the metul-lirpud junctions are erpnil and 
opposite. The condition that no current shouhl flow is in 
fact M/L-f- L/Li -f = 0 ; 

or L/Lj 4- hj/Ui+IV^^” 

Ex[K‘rimc*nt shows that a current dm flow in such a case, 
and therefore it i.s sriid that Volta’s law is not vU^yesi. 
Hut such junctioms cannot be looked upon a.s erpiivalent 
to those U'tween metals. Difl’usion i.s taking place at 
each junction, and a numlx;r of diffusion cells arc really 
fonned, aa will Ire descrilred in Chapter VI., and thus the 
resultant RM.F. cannot, as a rule, Ixj zero. 

We have so far tacitly assumed that contact forces do 
not exist between gases and metals or liquids. Unfortu- 
nately, their existence hos not been proved, but that is no 
reason for entirely disregarding them. In measuring the 
contact force of copper to zinc, for example, what we 
really determine is the sum 

air / copper + copper / zinc 4* zinc / air, 


voL 48, p|k I wd 12&, laaa 
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and this we generally term simply the contact force, 

, Cu/Zn. This in i^o way alfetts the additive nature of 
these forces. In tlie case of a platinum copper contact, 
fpf example, we have 

jiir / pi ii tin un^-h platinum / copper + copper / air, 

f 

and if this be added to the above expression for a 
coi4'er / zinc contact we have 

air/rt -f Pt/ Cu + Cu/Zn + Zn/air =: air/Pt -f Pt/Zn + Zn/air, 

the other terms cancelling. This expression is what is 
regarded us Pt/Zn. 

The question as to whether gas-effects really exist 
cannot be decidiHl by measurements in vacuo or in different 
gases, because any variations so obtained in the E.M.F. 
may be equajly accounted for by supposing that a change 
occurs in the (contact force of the two metals themselves. 

So far we have assumed contact force to be of the 
nature of an E.M.F. As to whether we are justified in so 
doing depends to a large extent upon the way in which 
we define our terms. E.M.F. is often regarded as the force 
which gives rise to the cuiTcnt. But as a cm rent can 
only he obtained through the transformation of some 
other form of energy, it is preferable to say that an E.M.F. 
not only gives rise to the current, but is accompanied by 
^ a transformation of energy ; and thus when we say that 
there is an E.M.F. at a certain point in a circuit, we mean 
that a transformation into electrical energy of some other 
form of energy is taking place at that point. For instance, 
at a thermo-electric junction, heat is being transformed into 
electrical euei'gy ; and in a dynamo, mechanical energy is 
likewise being tmnsforined. A clear distinction, however, 
must be drawn between jwtential diherence and EM.F., 
m <dready mentioned. In a shunt from a main circuit, 
it might be said that the current is due to the potential 
difieretice at tlie terminals of Uie shunt, aud that there is 
no suoli transformation between those points. But this 
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potential difference ia in reality due to the current, and 
thus to the E.M,F. in theanain circui^. ^ 

Accepting this view of electromotive force, we may say 
that wlieii a current flows jvast a [Muut where an RBt#. 
exists, then w(»rk is done of two kynls—reveraible and 
irrctersible. The work done by reason of the E.M.F. ia 
reversible, de|x‘nding upon the direction of the cu^ent; 
but the work done in heating the condiudor depends u|>on 
the square of the curnmt and ia tJierefore irreversible. 
OonH(i(|uently, when a current encounti*rs an E.M.F. work 
is done which may {Motive or negative according to 
the direction. Ftir example, if a current flows in acxiord- 
ance with the E.M.F. at a therino-electric, junction, heat i« 
there absorheil; if it flows against tljo KM.F, heat ii 
evolved, We may go further, and my that the measure ol 
an KM.F. at any jwint is given by the rf'versible work 
done when a unit of electricity is conveyed past the point 
Thus, if W is the work done when Q units of electricity 
flow past a point, the KM.F. at that j)oint is given by 



It should l)e remarked that thissta temeiit, although gencrallj 
accepted in refereuce«to a complete circuit, luis nfit beet 
universally admitted when it nders to only part of a circuit 

Kow, when a current traverses the junction of tw( 
metals, the well-known reveisihle 'thernK)-elcctric IVltie] 
effect arises. Being reversible, it imlic^ates an KM.F, 
which we may, perhaps, be pennitted to call the trm 
contact KM.F Tlie value so obtained is very mud 
smaller than the corresj)onding contact forc(^ of Volta an< 
is sometimes in the opposite direction. 

It has been stated by Pellat and others that the Peltie 
effect has no connection with c*ontact force. Tlie aiiguraen 
put forward is somewhat as follows: — When two bodie 
A, B are in contact, they are at different potentials, thi 
potential difference V being due to, equal to, and oppoiflt 
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to, the contact force E. Thus, when a current passes, 

* there are two Peltier effects : c^ic for E and the other for 
V, Since tliese are equal and o})posite, they cancel, any 
Miquality pvin;' ysc to the Peltier eiVect that is actually 
observed. I^jdge* has pointed oiit that a fallacy ari.scs 
from the assumption that what is only pro\cd for the 
whole circuit is true for the juuction. 

Accepting, therefore, the stateiueut that the true contact 
E.M.F. is small, how shall we regard Volta’s contattl f(5ree, 
which is about one huiidr(*d grvat Lodge 

])refers the view that, when two metals are placed in 
contact, they are at the stime potimtial, hut ditVerently 
charged; and that they form jnaclically an air battery, 
the charges resulting through oxulation. 

Consider, for exami)le, a piece of copja r and a i>iecc of 
zinc at some distance apart in air. The molecules of 
oxygen may be looked upon as striving to attack both the 
metals. Now, when a compound is formed voltuically, tho 
corresponding E.M.F. is proportional to the heat evolved 
ill the formation of this compound from tlie same con- 
fititueuts non-voltaicully. Thus the E.M.F. due to the 
oxidation of c()p{)er would Ik* })roportional to the heat of 
formation of copper oxide. AVe inqy suiq)Ose that cimrged 
atoms are trying to move up to tlic metal. They are 
unable to do so l)ccause they are straining eiiually on all 
sides, and if they did so it would lead to a charge of one 
kind of electricity without a compensating op[)osite charge 
on some otlier conductor. Put if we assume that atoms 
which are unable to combine exert the same attraction as 
those which are on the point of comhiniug with the metal, 
then we may consider it probable that the copper is at a 
lower potential than the air, the ditlerence being pro- 
portional to the lieat of combustion of copper. In this way it 
may be calculated that the copper is at a lower potential 
than the air by about 0 8 volt and the zinc by about I'Svolta. 


B.A. Iteport, 1884, p. 464. 
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As soon 118 the metals touch they are reduced to the 
same potential, and are ij;o longer coinpletelj surrounded, 
by oxygen atoms. These latter can now move nearer to 
the zinc, because a way of escape ^s provided for •the 
electricity into the copper. This electricity is negative, 
<)xygeii being electronegative. The inward motion of the 
atoms towards the zinc diminishes what we may regard 
as the thickness of the layer of the negative electricify on 
this metal, where>^is the thickness of the layer on the 
copper is increased. Consequently, the zinc is charged 
positively and the c()j)j)er negatively. Although the 
potential is the siiine throughout (viz., the mean of the 
initial j)oteutials, if the plates are of the same size, t.e., 
volts in this case), there is a slope of potential in the 
air. In considering the sy.stem as a condenser, the air 
surfaces close to the metals must be regarded as the two 
coatings of tlie coiulenser, and the potential difference 
between them ain(Kint8 to the difference of the two initial 
[)otentials, in this case 1*8 - 0-8, or 1 volt. It is the charge 
of one of the plates which is measured by the ordinary 
condenser methods, although indirectly the hIkjvc potential 
difference is determined. 

Lodge gives the following table, showing to what extent 
the calculated values agree with experiment. The alter- 
native numbers are due to uncertainties in the thermo- 
chemiciil data : — 


Volta Effect* in Air, 


i 



Obeerved by 


1 

MeUl Pain. 

Calculated 
from heat of 
Coinbuktion. 

Pellat. 

Ayrton and Peny. 

Clifton. 

i 

Clean. Scratch’d 

1 

Com- 

mercial 

Tmc, 

Amalga- 

maud 

Zinc. 

- 

Zinc — 

Tin 

0-39 

02S 

0*36 

0*28 

0*46 


Lead { 

0 70 or 0-65 

0*15 

0*31 

0*20 

0*36 

076 

Iron 

0*21 or 0*4 

0*66 

070 

0*60 

074 

Hkkel ... 

1 0-.H3 

0*47 

0^3 



0^86 

Copper ... 

1*04 or 0*9 

0*71 

0*86 

iHb 

0*89 

Mercotr... 

ITS 

0^1 

112 

1*06 

1*20 

1*07 

Silver 

1 171 or 1-58 



... 
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It is, however, a little difficult to see how a metal can 
,be brought to a definite potenti#! below that of the air, 
depending upon the heiit of combustion, when no combina- 
ti(bf is able to tak^ j)lace. Moreover, a voltaic reaction 
with An elementary gas is improbable It would seem 
simpler to 8 upi) 08 e a difference of potential to be broifght 
about by voltaic oxidation through films of moisture or 
otherwise. 

Several observers have attempted to attack this idea of 
oxidation by showing that meiisurements in vacuo do not 
exhibit such differences from those at ordinary pressures 
as would be expected if this theory were true. Von Zahn 
found that contact force was not appreciably c'hanged by 
different gases or by variation of pressure, exerp. in the 
ease of a zinc-platinum junction. The value of the latter 
fell to half a Daniell in vacuo. 

Bottomley^ found that the value of zinc/copper re- 
mained the same when tlm pressure was reduced to 2^ 
millionths of an atmosphere, and also wiicu hydrogen 
substituted for air. The apparatus employed in this 
investigation was such that a variation of one per cent 
would certainly have been detected. 

More, recently, J. K. Erskine-Murrayf replaced air by 
paraffin wax, the plates of zinc and copper being filed 
under melted wax so as to remove any air films that 
might be present. The difference in the contact force due to 
this replacement of air by wax amounted to only 0*053 volt. 

Experiments by J. Brown J upon a copper- zinc condenser, 
which was maintained in an atmosphere of nitrogen under 
reduced pressure and in the presence of metallic potassium 
for as long as seven and a half years, also gave negative 
results. The contact force was found to be much the 
same as in air. 

• KK. Report, 1885, pp. 901, Sc. 

+ PfW. Royal 8oc„ VoL 63, pp. 113, Sc., 1898. 

J J>roc. Royal Soc,, VoL 64, pp. 369-374, 1899. 
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Tlfese experiments, however, are not so conclusivo as 
might appear at first si^t. The capacity of two plates 
such as are used in the measuremeilt of cohtact force is* 
very small, and consequently the quantity of electri«i|y 
required to charge the condenser so formed is also very 
sinSjU. Suppose the surface of eiich* plate to be 10 sq. 
cms., and that their distance apart at the moment of 

charge is 01 mm. The capacity is then farads, 

and the number of coulombs retpiired to charge this 
system to a potential difference of one vdlt amounts to 
the same figure. The weight of oxygen coiresponding to 
this quantity is 0*0734 x 10“’® milligrammes. This quantity 
is so small that it might be present many thousand times 
over without our being able to detect it. The necesstiry 
reaction might still take place in the best vacuum, or 
even under paraffin wax. We should, however, expect the- 
speed of the reaction to be much less than in air, in the 
same way that a dry pile can only supply electricity 
slowly owing to the limited chemical action, llesulta 
of interest might therefore result by determining 
whether the rate of charge varies as the pressure is 
reduced. 

The intei’pretatiofi of experiments carried out in 
different gases is a difficult matter because we have to 
distinguish between voltaic action and ordinary chemical 
action. If gases are used which react easily with either 
of the metals, the results are liable to l)e of little value 
owing to the films formed upon the inettils. Hydrogen 
sulphide, for example, gives trouble on this account. 
An experiment with this gas, carried out by Brown,* 
may be mentioned here in support of chemical action. 
A Kelvin bimetallic disc of iron and copper, enclosed in 
a g Vs« jar, was used for observing the contact force. 
When hydrogen sulphide was admitted, the deflection wae 
• FkU. Mag,, 6th Seriat, VoL 6, p. 142, 1878. 
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seen to reverse and to remain reversed until the copper 
became covered with sulphide, ^hich has no affinitj for 
sulphur, whe\i the deflection became uncertain. 

With a view to completely changing the medium around 
the contact, and the thorough removal of gaseous films 
from the surfaces of the metals under test, a careful investi- 
gation has been carried out by F. S. Spiers* An attempt 
wasSirst made to remove these films by heating the couple 
in vacuo, but oxidation by the residual atmosphere was the 
only result. The air was therefore replaced by hydrogen, 
the couple being platinum-aluminium. But nevertheless 
it was found that “even in a high vacuum of pure, dry 
hydrogen at the minute pressure of Tnioomm. of mercury, 
and after four wiishings in that gas, tliere is still sufficient 
oxygen present to completely oxidise the surface of an 
aluminium plate if it be only brought to a sufficiently 
high temperature.” Finally it was decided to remove the 
air films chemically by heating in hydrogen, a platinum- 
iron couple being used. The glass containing-tube was 
washed o\it four times with hydrogen, and then heated 
a number of times to about 800^^0. A steady value 
was not easily obtained, but the final result was that the 
contact force fell from +0’37 to — 060 volt, which 
Spiers regartls as the true value of the Volta effect between 
iron and platinum in an atmosphere of hydrogen. On 
admitting a small quantity of air the E.M.F. slowly varied 
towards a positive value, and on heating to accelerate the 
change it rose to +0 22 volt. Further heating reduced 
this figure to zero owdng to oxidation. 

This conclusion assumes that we are really dealing with 
the metals in an atmosphere of hydrogen. It is doubtful, 
however, whether the Volta effect actually obaerved is not 
between hydrides of the metals instead of the metals them- 
selves, Tn fact a crucial experiment demonstrating the 
absence oi films appears to be impossible. Even at the 
• FhiL Mug,, Vol 49, pp. 70-90, Jm., 190a 



THEORY OF THE VOLTAIC CELL. 


73 


ordinary temperature in air, films of oxide, of air, or of 
moisture must be assumec^until they can be disproved, and ^ 
if they are removed in any way they are merely replaced 
by others. . • • 

A point of considerable interest, brought out by the 
researches of Pellat, and also by those of Krakine-Murnvy, 

that the value of the conUict force depends upon the 
mechanical state of the metallic surfaces. Thus burn/5hed 
zinc was found by the last-named author to fall 0’32 volt 
when scratched by polishing on glass paper. Tlie results 
of Pellat were in the opposite direction, but the surfaces 

in his cavse were washed with alcohol. It thus appears 

that a closed metallic circuit, including two zinc-copi)er 
junctions, instead of being in e(piilii>rium, may have a 

resultant E.M.F. of 0-32 volt if the junctions are in 

different meclianical states, even though at the same 
temperature. 

Lord Kelvin* concludes, from this rtisulL of Lrskinc* 
Murray’s, that the p(>tential in zinc “increases from the 
interior through the thin surface layer of a portion of its 
surface affected by the crushing of the burnisher, more by 
0*32 volt than through any thin surface-layer of portions 
of its surface left j^s polished and scratched by glass 
paper.” It docs not, however, appear wholly impossible 
that the molecular change brought about by burnishing 
should bring about a corresi)onding change in the chemi^l 
affinity ; but we should rather expect a (JecreaMd electrifi* 
cation in such a case to arise from burnishing. 

Of a similar nature are the experiments of N. Hesehus.f 
which tend to show that the physical condition of the surface 
has an important effect This investigator found that a 
polished surface was in all cases positive with respect to a 
matt surface of the same substance. It would seem, how- 
ever, that such an effect is susceptibl e of a chemic al 


• PkQ Mm. 6ih Sfttiit, Vol. ^ pp 82-120, 1898. „ „ - , « nem 

t /ow. Chimksadt, 1902 ; “ Science Abetrwt^ Vol 8. No. l.OBf? 


( 1902 ). 
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explanation. A matt surface is likely to be acted*tipon 
more quickly by gases than a polished surface, and if we 
« bear in rain^that an oxide is eldbtro-negative to the metal 
of which it is formed, it follows that a matt surface should 
iJh electro-negative to one of the same metal that is polished. 
This view receives spme support from the work of H. Beil,* 
who traced certiiin variations of contact force in the case of 
iresj^ly cleaned zinc to the action of water vapour. 

An investigation by de Broglie+ is on somewhat similar 
lines. This physicist found that when metals were placed 
in a drying chamber the contact potential, which was 
normally in the neighbourhood of one volt, dropped to a 
few hundredths of a volt. This would tend to show that 
the contact force is chiefly due to films of moisture, rather 
than hydroxide on the surface, for mere drying would not 
remove oxide. 

Q. MaiorunaJ has found that low temperatures reduced 
the contact force to a marked extent. Thus the contact 
force between zinc and gold, winch in air is 0 88 volt, drops 
to 0*05 volt when liquid air is dropped on the junction. 
The conclusion is reached that at the absolute zero of tem- 
perature the contact force would vanish. This effect may be 
regarded as supporting a chemical basis of contact potential. 

All these investigations show the extreme difficulty there 
is in devising conclusive experimefttal investigations on 
which a really definite theory may be based. 

It has been suggested that contact force may be due to 
chemical affinity between the metals. If that were so, the 
force should lie equivalent to the heat of formation of the 
alloy formed from the two metals. Thus the contact 
force of zinc and copper should be given by the heat of 
formation of brass. Very few thermo-chemical data of 
tliis kind exist, but the figures given by Kelvin show that 

* JiUMiZen dt,r Yol. 31, |». 849, 1910 ; Seknoe VoL 

Xia, No. 8611 (1910). 

t doin^ VoL 162, p. 696, 1911 ; ** Scionoo Ahttraete,** Vot 

XIV,. No. 657 (1911^ 

t Mwm W 12, p. 196 ; ” Sdoaoo Abotracte,** VoL IV., No. 682 
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the heat evolved on the formation of brass is very mnch 
below the equivalent of the contact force. 

Some determinations of this kind have alsa been made * 
by J. B. Tayler,* who measured the heat of amalgamat|pj 
first of the alloy and then of its constftuents. Assuming 
that, the products are the same in •the two cases, the 
difference in the heats of amalgamation gives the heat of 
formation of the alloy. Experiments were made with 
various alloys and a number of different percentages. 
Where the percentage is such as to give a large gramme 
molecule, the heat of formation may equal, or even surpass, 
the equivalent value of the contact force. But the fact 
that an alloy of a certain percentage has a heat of 
formation equivalent to the contact force (an (uily b© 
looked upon as a coincidence unless we hfive reason to 
believe that this particular alloy is really produced when a 
current flows across a contact of the two metals in 
question, 

SEAT OP THE E.M.r. — The controversy caused by the 
contact and chemical theories dmd out as the doctrine of 
the conservation of energy spning into exiskmce. Since 
electrical energy must of necessity be obtained by the 
transformation of some other form of energy, it could not 
be produced by conUxet alone. But another controversy 
arose which lias not yet Ijeeii brought to a satisfactory 
conclusion. Admitting that contact force exists and that 
chemical action is also necessary, what point in the circuit 
may we regard as the seat of the E.M.h. ? 

Consider a simple element consisting of zinc and copper 
in dilute sulphuric acid. When the circuit is closed there 
are three contacts, viz., Zii / Cu, Cu / acid, and acid / Zn. 
Owing to the comparatively large value of the contact 
force between copper and zinc (about 0*75 volt) and the 
small \alue8 of the contact force for the other two 


FkiL Mag., Vol. 60, pp. 37-43, July, 190a 
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junctions, it is somewhat natural to assume that tHe seat 
of the E.M.F. is at the copper-^inc junction. The value 
* of tlie contact force*, however, is not quite as high as the 

actual E.M.F. of the cell, and there is no obvious reason 

^ • 

why the other two contacts should be left out of account. 
Possibly their exclusion is due to the idea given by Kelvin’s 
divided-disc ex^wiment, that when zinc and copper are 
pla^d in water tliey are at the same potential. But it has 
i)een sliown by Ayrton and Terry* that, although this may 
be true at the instant of immersion, the zinc soon becomes 
negative to tlic copper, and thus the total E.M.F. becomes 
greater than the value of the contact force at the metallic 
junction. Tlie same auihor.s liave shown that the E.M.F. 
of a cell is e(iual to tin? sum of all the contact forces in 
the circuit. The E.M.F. cannot depend upon the metallic 
junction only, for it would then be independent of the 
electrolyte, which is not the case. Another objection to 
placing the E.M.F. at tliis junction arises from the fact 
that no ap}>arent change takes place there. It is natural 
to expect a change somewhere, and if we accept the idea 
that energy must be transformed where an E.M.F. exists, 
it Ixjcornes necessary to look to some other part of the 
cinmit. ^ 

Passing on to the two acid junctions, we find that the 
contact force in both cases is snuill. At the surface of 
the platinum, hydrogen is evolved, but otherwise no other 
chemical change takes place : the platinum remains un- 
affected. At the surface of the zinc, on the other hand, 
thei*e is a marked chemical change, the metal being 
dissolved, and, therefore, the ziim/acid junction is generally 
favoured jis the seat of the E.M.F. by those who accept 
tlie definition of E.M.F. given above. It is not clear, 
however, why the platinuin/acid junction should be left 
out of conaideration. The ordinary solution of zinc by 
sulphunc acid involves the formation of zinc sulphate and 
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the liberation of hydrogen at the same 8])ot. But when 
the solution is effected el^ctrolytically the salt is formed 
at one plate, whilst the hydrogen is lihcrateifat tl'e other * 
and there is no reason w'hy the energy t‘orres])ondingi 
the reaction should not be pirtly transformed at one jdate 
and* partly at the other. Taking th^ whole circuit into 
consideration it seems more reasonable Ho say th(‘ro are 
three seats of E.M.F., viz., at the junctions zinc/iicid, jfflali- 
nurn/acid, and zinc/platinum, Uie latter Ixnng very small. 

Various other views have been stated from time to 
time. For instance, Fleeming Jenkin* lias ex[)rcssed tlie 
opinion that the E.M.F. is probably due to the mebillic 
junction, but that the current, vvhic-h is maintained by it, 
is produced by chemical action. 



Fio. 24. — Variation of Potential in a Voltaic Circuit, according to Ayrton 
and Perry. 

Ayrton and Perry’]' prefer to say that, although energy 
is transformed at the zinc plate, a ])otenlial difference, 
equal to the contact force, exists at the metillic junction. 
In support of this view they give a representation, which 
is reproduced in Fig. 24, of the variation of potential in 
the circuit. The broken line here given is supposed to be 
continuous, the two points marked (J being one and the 
same. The current is flowing in the direction of the 
arrows, and potential is measured upsvards. The zinc 
part of the circuit is represented by B D, the electrolyte 
by D'E', and the copper by EGA. The circuit being 
closed, there is a fall of potential along the couductore, 

* ** Ekctricity waA MagnetMm,** 7th Edition, p. 56. 

t FkiL Mag., VoL 21, p. 61, 1886. 
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and therefore the Jnies representing them are git^en a 
sloping direction, the junction of copper and zinc 
there is a risb of potential indicated by A B. Similarly at 
zinc/acid Junction there is a rise, shown by D I)', and 
at the a(;id/copper function a fall, shown by E' E. Making 
use of the usual It^'draulic analogy, we may imagine a 
pump to be working somewhere in I)^ E'. The water, in 
circulating, gains potential energy wherever it rises : thus 
potential energy is gained in rising from A to B and from 
D to D' (these parts being supposed to be verticid) ; 
but no oxUnnal energy is there supplied, the pump 
being in 1)' E'. In other words, the j)lace where energy 
is transformed (by the pump) is not necessarily the place 
where potential energy is gained. Similarly, in the actual 
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circuit, energy is transformed at the zinc/acid junction, 
but there may be a ri.se in potential at the zinc/platinum 
junctioiL A distinction is thus drtiwn between E.M.F. 
and potential difference which is not easy to understand. 

It might be thought that such a potential difference, 
if it really existed, could be readily detected by means 
of a voltmeter connected to each side of the junction, as 
indicated in Fig. 25. But, in such a case, the junction 
effect appetirs twice and neutralises itself. Suppose the 
voltmeter V to be wound witli copper and to be connected 
up with copper ; then the total potential difference acting 
upon the instrument is : — 

ED. due to current+Ft/Zn-hZn/Cu+Cu/Pt 
wED. due to current +Pt/Zn 4* Zn/Pt 
•*ED. due to current 
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HencS the effect observed is due to the current only, and 
is independent of the junction. The same remark applies 
to an electrostatic instrument. Let the inductors* be of* 
some metal or alloy M, as indicated in Fig. 26. 
beginning at the left-hand side of the instrument, we have, 
as the total E.M.F. acting, • 

M/Cu-f Cu/Pt-pP.D. due to current -f-Lt/Zn-l-Zn/Cu 

+(fu/M 

= Cu/Pt*f P.D. due to current + Pt/Cu 
= P.D. due to current. 

This difficulty, which occurs equally at a metal li(|uid 
junction, is at once overcome if we assume the definition 
of E.M.F. already given, and thus accept measurements 
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of the Peltier effect. These indicate only a small E.M.F. 
at a metallic contact* and large values at the metal-liquid 
junctions. But then it is a matter of definition. 

Swinburne* has made the bold assertion that there is 
no seat of the E.M.F., and tliat a coulomb of electricity 
in flowing round the circuit formed by a closed cell 
continually falls in potential, never regaining it. This 
view of the matter is best explained hy consideiing a 
magnetic circuit. Suppose we have a horseshoe electro- 
magnet, or a ring magnet with an air gap in it Imagine 
a unit pole ” near one of the magnet poles. Let it move 
over to the other pole. The work which it does in so 

* Sm OftQfcor Lectures oa ** Electro-Cheuuetiy,*’ ty Jimiei Sirinbiint^ 
F<mmd of the Sodetjr of Arte, 1886. 
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moving is a measure of the difference of magnetic pofeniiai 
lietween the magnet poles. Let it move on through a small 
tunnel in tl^e iron until it resins its first position; the 
additional work done i.s of the s.ame sign as before. Thus 
each time the unit^)ole moves round the magnetic circuit, 
a definite amount (jrf work is done, which we know [o be 
equal to 0-47rMr, where n is the number of turns in the 
majifiet winding and c the current in amperes flowing 
through them, h'aeh time the unit pole moves round 
this path, its circuit in interlinked with the electric 
circuit and the sanuf amount of work is done. It there- 
fore follows that the magnetic potential at any point 
has an infinite number of values differing by multiples 
of 047rnc. 

Con.sider, further, a conductor in the form of an 
incomiilele ring through which a magnetic pole is being 
moved. An E.M.F. is generated in the ring, giving rise 
to a potential differehce, which we may suppose equal to 
one volt, at its terminals. If a coulomb is allowed to flow 
from one terminal to the other, it falls in potential and 
(loe.s work to the extent of one joule. If it continues to 
flow along the r*oiiductor, it still does work of the same 
sign, owing to the resistance of the conductor and 
consequent variation of potential.* Tims, in passing 
round the circuit to the terminal from which it started, 
the coulomb does a certain amount of work, say, two 
joules Every time it pisses round the circuit it does 
work to the same extent, and so it follows, as in the ctise 
of the magnetic circuit, that each point in the conductor 
has an intinite number of potentials. This statement is 
not opposed to ilie usual definition of potential, viz., that 
the potential of a ]ioint on a conductor is equal to the 
work done in moving unit quantity of electricity up to 
that point from an infinite distance, because there is no 
stipulation os to the path to be followed by this unit 
quantity ; it might follow the most direct path, or it might 
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pass several times round the circuit under consideration, 
thus increasing the work do^ie. 

Now consider a cell, the external resistancfe of which 
is infinitely large compared with the internal rcsistauoM 
Suppose the potential difference at the terminals to be 
one folt. Unit quantity of electricity in passing from 
the positive to the negative terminal fulls one volt in 
potential : the work done amounts to one joule as bef^u 
If the electricity passes on through the cell to the other 
pole the additional work done is negligibh* ; but, such as it 
is, it corresponds with a farther fall of potential. People 
generally have the idea that the potential is again raised 
in passing through the cell, but Swinburne prefers to 
think that it still falls and that there is a cyclic difference 
of potential just as there is in the magnetic and electric 
circuits already descril)ed. 



The analogy does not, however, seem altogether clear. 
There certainly are cfwes, even where the E.M.F. is due 
to variation of induction, in which there is what may be 
regarded as a seat of E.M.F. ; for example, a dynamo, 
connected to an external circuit, is' the seat of EM.F. for 
that circuit. Again, suppose we have a conductor bent 
into the form cf a figure 8, as in Fig. 27. a magnet 
move through the part A, ami let B be completely 
shielded from induction, which is theoretically possible. 
As the magnet moves, an ILM.F. is generated in 
the loop A, but not in B. Thus it would not be 
unreasonable to look upon the loop A as the seat of 
1LM.F. for the entire circuit Theoretically, A might be 
aa small as we please and thus the seat of E.M.F. woulil 
be located at one point of the circuit 
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In coming to the voltaic cell, it is not easy to sgBC how 
a cell is strictly similar to the electric circuit with which 
it is compur(3(l. The latter i» cutting the lines of force 
throughout the whole length as the magnet moves, and 
Vie K.M.F. results through the relative motion of two 
bodies wliieh art^ (entirely independent of each other. 
1’here is no reason why one ]K)int rather than ariy*ot]ier 
ofjhe conductor should he looked upon as the seat of the 
EM.F. Ihit in a cell the case is very diflerent. The 
circuit is, as it w(*re. self e-ontained. The E.M.F. is not 
in any way dependent upon a body exhirnal to the 
circuit, and thus it is not unnatural to ]»lace the seat of 
E.M.F. at one of the junctions, or points of discontinuity. 

Those interested in th(‘ theory of the Voltaic cell should 
read the presidential address delivered in 1000 by T.odge* 
to the Physical Society of London, in which the whole 
subject is discussed. 

CONCLUSIONS WITH REGARD TO THE SEAT OF 
ELECTROMOTIVE FORCE. — I’erhaps the safest conclusion 
to which a consideration of the various theories lead is 
that the whole matter is largely a (piestiou of definition, 
and that it is, therefore, of relatively very small importance. 
It depends a great deal uptui the point of view, and so 
we cannot say that one theory is oorrect and another 
necessarily wrong. This statement is also tnie of many 
other phenomena, as pointed out by Willard (libbs.f For 
example, some people might say that the circulation of 
water in a hot-water system is due to the action of 
gravity upon the vertical columns of water at different 
temperatures and having different densities ; others might 
Bay that it is due to the furnace. 

Our ideas are naturally based upon processes most 
familiar to us. Being accustomed to the flow of water 

• ** Prooeedings,” Phy«i«l Society, V<^, XVII., p. 369. IftiL Maq., 
VoL49, pp. 351.383 end 454 475, 1900. 

t SktitiMil Rmew, Vol. 15, p. 407, Nov. 22, 1884 (Ditoaiuoii <m Lod|{tt'e 
Piper on "TIm Sent of Electromotivo Force,*' B.A). 
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under •the action of gravity, we are struck with the 
similarity of electric flow, and thus we are teni{)ted to 
carry the analogy too far. It is convenient tl) think of 
electricity being raised in })otential at some point in tlitfi 
cell, just as a pump raises water to a higher level, keeping 
up a ^continuous stream and enabling* tlie water to do 
work by its downward flow. But the pump is not 
nccessfirily phased where the water gains potential enerj^. 
We may, of course, define the seat of EM.R as tlie point 
where energy is given to the circuit, but that is only a 
definition, and we cannot always decide upon the position 
of such a point. 
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THEORY OF THE VOLTAIC CELL (continued). 

Electrolytic Mechanism of the Voltaic Cell, p. 83.— Objections to the 
Grotthua Theory, p. 83. — Modification of Clausius, p. 86. — loMsatira 
Theory of Arrhenius, p. 88.-— Electrolytic Conductifity, p. 89. — 
Osmotic Pressure, p. 91.-— Vapour Pressure, p. 94,— Boiling Points 
and Freezing Points of Solutions, p. 96. — Behaviour of Electrolytes, 
p. 97. — Osmotic Pressure Theory of Cells. 99 — Electrolytic 
Solution Pressure, p 99.— Calculation of a Single E.M.F., p 100,— 
Measurement of a Single E.M.F., p 105. — Calculation of Electrolytic 
Solution Pressure, p. 108.— Influence of Negative Ion. p, 109.— 
Comparison of the HelmholU and Nernst Equations, p 110. 

BLEOTROLTTIO MSOHAHISM OF THE VOLTAIO CELL. 

— Let us now pass on from the various discontinuities of the 
voltaic circuit to a consideration of wliat takes place within 
the electrolyte itself. We know that a certain decompo- 
sition takes place, and that certain compounds are formed, 
but how shall we imt^ine condu<^tion to be carried on ? 
What, in fact, is the mechanism of conduction ? 

In Chapter II. an account was given of the theory of 
Grotthua. This theory is in accortlance with the broad 
facts of electrolysis, but in the following respects it has 
been found wanting : — 

I. LMmira e.m.f. keobssabt for beoomfori- 

flOH.— We should expect the E.M.F. to exceed a certain 
limiting value, according to this theory, before electrolytic 
decomposition could take place. But, in certain (^es, 
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this is not found to be so. For example, the application 
of the smtfllest E3f F. to two copper plates immersed in 
%the solution of a copper salt will cause a current to flow. 
If we suppose conduction to take place by means of 
Grotthus chains, Ve should expect no current ta flow 
until the applied E.M.F. is equivalent to the heat of 
fcffmation of the compound in solution. It would then 
be capable of decomposing a molecule in the chain, and 
recompositions and decompositions would follow according 
to the hypothesis. That no such limiting E ^I.F. is found 
to be necessary has been explained by saying that the 
energy required for any decomposition is returned to the 
circuit by the immediate recomposition which follows, as 
already explained. Such a statement, howevei', leads to a 
second ditficulty. 

2. VIOLATION OP THE SECOND LAW OF THERMO- 
DYNAMICS. — The recomposition which follows a decompo- 
sition no doubt returns energy to the circuit, and in this 
way the total energy expended in a given time might be 
nil. But we cannot admit that a decomposition can be 
due to a subsequent recomposition, or that work can be 
done by energy which is given to the system after the 
work which it accomplishes is complete. Such a statement 
would be a direct contradiction of the second law of 
thermodynamics, which practically affirms that energy in 
a state of rest cannot of itself become active. 

8. BEPLAOEHENT OF A BOUND BT A FREE ION.~ 

It is sometimes objected that the successive decompo- 
sitions in a Grotthus chain take place through the 
replacement of a combined ion by a free ion, and that 
there is no reason why such a replacement should take 
place. That is no doubt the case if each ion is looked 
upon as really free after the decomposition of its molecule. 
But| in reality, the ions cannot very well be r^rded in 
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such a light, as they are under the influeuce of electric 
forces throughout 

4. MiaR A.TION OF THE IONS,— When electrolysis takes 
place, the ions move towards tlieir respective electrodes 
bearing their charges with them. In a •'Jlrotthus cliaiu 
we have the equivalent of two stream.s oi' ions, mov»g 
in opposite directions, and apparently with thi‘ same 
velocity. Now if a current is passed tlirongli a solution 
of copper sulphate by means of platinum electrodes, it 
is found that more copper sulphate is lost about the 
cathode than about the anode. This phenomenon, which 
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is a very general one in electrolysis, was explained by 
Hiltorf on tiie assumption that tiie velocities of the two 
ions are diflerent. In the case of copper sulphate, for 
example, if the Cu ion travels more slowly than the SO,, 
the effect would be equivalent to a bodily transfer of 
CuSO, towards the anode, and would account for the 
observed phenomenon. These apparently unequal niipta- 
tion velocities, as they are called, are generally considtifd 
as evidence against the theory of Grotthus. 

The migration of the ions will be more readily understood 
by referring to Fig. 28. Here each positive ion is 
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repit^sented by a plus sign, and each negative ion by a 
minuH sign.^ 

At the start, each positive ion has a negative one 
\lb ngside it, as indicated on tlie line A. Suppose the 
negative ions to in^ve twice as fast as the positive. Then 
when three ions have been deposited, the positive' ions 
h^e moved one space to the left and the negative ions 
two spaces to the right, as indicated on line B. Line C 
fthows the state of things when six ions have been 
liberated. Now if we imagine the cell to be divided into 
anode and cathode compartments by tlie line D E, we see 
that the loss at the cathode is double that at the anode, 
just as the velocity of the anion is double that of the 
'Cathion. The ratio of the velocities (on the assumption that 
there is no transfer of electrolyte or hydration of the ions) 
Is given by the ratio of the losses of the compound in the 
neighbourhood of the two electrodes.’^ 

Such losses might, however, be accounted for by sup- 
posing that the ions, although moving with equal velocities, 
are often complex, carrying molecules of the solution along 
with them. It is also not impossible to imagine unequal 
velocities of the ions in a Grotthus chain. After the 
recomposition of a molecule has taken place in a chain 
of this kind, it will be noticed, according to the usual 
representation, that the molecule is facing the electrodes 
in the wrong way. It is therefore necessary for a 
rotation to take place. The two ions will rotate about 
their centre of mass, and, if their masses are not equal, it 
follows that the motion of one ion in one direction will be 
greater than that of the other ion in the opposite direction. 
Consequently the ionic velocities will be different, and the 
observed concentration-changes will follow as a matter of 
course. 

liODIFIOATION OP OLAOSITJ8.— Owing to the somewhat 
unsatisfactory nature of the Grotthus hypothesis, ClausiuB 
introduced the idea that the ions of any molecule are not 

* iet a. w. J, Smith (iProc., Phyi Soc , Vol XXVin., p. 148. IQie) 

Mb* iiiconplelenttM of thi* Ixplaoation. 
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always linked to one another, but that they are continually 
exchanging partners, as it^were, with the ions of the other 
molecules. For example, in a solution of socftum chloride, 
the sodium and chlorine of any molecule do not for 
remain attached to one another; the sodium changes 
place with the sodium of a second molecule and the 
chlorine may change place with the chlorine of a third 
molecule. This interchange is continually going off, so 
that a certain number of free ions are always in solution. 
In the ordinary state of things the direction of motion 
of the free ions is in no definite direction. But as soon as 
an E.M.F., however small, is applied at the electrodes, the 
free ions move along the lines of force and collect at the 
electrodes, where they will separate if the E.M.F. is 
sufficient to overcome the polarisation and prevent 
recombination. Voltaic action is also readily explained, 
in the manner suggested by Helmholtz, if we assume that 
each metal (or electrode) has a specific attraction 4br 
electricity, and consequently for the ionic charges. Thus 
it would be assumed that zinc attracts a negative charge 
more powerfully, and a positive chaige less forcibly, than 
does copper. Consequently when plates of copper and 
zinc are placed in sulphuric acid, there is a resultant 
attraction of the positive hydrogen towards the copper and 
an attraction of the negative SOi towards the zinc. As 
the ions interchange they will be drawn, under the 
influence of these forces, to one or other of the attracting 
plates, where they will be deposited. On open circuit, 
however, such deposition will soon cease, because each 
plate will become positively or negatively electrified 
and the resulting electrostatic charge will repel those 
ions in solution which are of the same sign, and thus 
prevent their further deposition. In this way, the zinc 
will become negatively, and the copper positively, electrified. 
Since the ionic charges are large the amount of chemical 
action necessary to bring about this electrification is very 
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minute; but upon closing the circuit chemical action 
continues, because the charges ofi the two plates neutralise 
each other, giving rise to a current, and more deposition 
then take place. The simple Grotthus theory does 
not allow such a spQntaneous electrification, but otherjwise 
it permits an explanation on somewhat similar lines. 

IONISATION THEOEY.— Clausius, as we have seen, 
assumed that a certain small proportion of ions were in 
the free state. In 1887 Arrhenius went a step further and 
asserted that practically all the molecules of an electrolyte 
in dilute aqueous solution are dissociated, or ionised, as it 
is called, into charged ions, any undissociated molecules 
being eiectrolytically inactive. Thus, when sodium 
chloride is dissolved in water the solution contains very 
few molecules, these being nearly all broken up into free 
Na and Cl. The solution does not look yellow or smell 
of chlorine because chlorine, as we know it, is Cl^, not Cl, 
and for a similar reason the sodium ions do not decompose 
the water. But ‘ when the ions become deposited and 
separated from their charges, then they are transformed 
into the molecular condition to which we are accustomed. 
Nevertheless, the idea that a stiible salt like sodium 
chloride should be resolved into its constituent atoms 
simply by dissolving in water is at first sight somewhat 
dihicult to understand. On that account, and also because 
of the great importance of the theory, not only in 
electrolysis but also in primary cells, we shall do well 
to see upon what foundations it is based. These founda- 
tions are chiefly concerned with electrolytic conductivity, 
osmotic pressure, vapour pressures of solutions, and boiling 
points and freezing points of solutions. It would take too 
much space to consider these subjects fully, and we shall 
therefore only attempt to give a verj^ brief account of 
each, simply in its relation to solution and the theory of 
ionisation* 
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ELEOTEOLYTIC CONDUCTIVITY.- Kohlrauseh made a 
large number of nie«'isuremd!its of the conductivity of electro- < 
lytic solutions. Specific conductivity, or the recipr(X‘.al^<^^ 
the resistance l>etween opposite faces of a one-centimetre 
cubi^of the solution, gives very little ii^ight into the ques- 
tion of dependence of conductivity on concentration. If the 
conductivity depends u[)on the concentration of the somite 
rather than upon the solvent, the latter should be more or 
less eliminated from a .statement of results from which a law 
of any kind is expected to follow. For this rea.son Kohl- 
rausch made use of what is termed molecular conductivity 
which i.s obtained numerically by multiplying the speeilic 
conductivity by the volume, in cubic centimetre.s, contain- 
ing one gramme molecule of the substance in solutitm. If 
a number of substances are taken and a solution of each 
is made up containing one gramme molecule per litre, the 
number of molecules in unit volume of each solution is 
the same, and the conductivities are therefore comparable. 
One litre is generally taken as the unit of volume in such 
measurements, and therefore when a solution contains 
one gramme molecule per litre^the molecular conductivity 
is 1,000 times the specific conductivity. If a solution of this 
strength is diluted, the molecules become more separated, 
and the specific conductivity cannot be compared with 
that previously observed. But on multiplying this con- 
ductivity by the new volume, this Bcparatu)n of the 
molecules is compensated for, and we obtain a measure- 
ment of the molecular conductivity which is comparable 
with the previous value. If the specific conductivity 
varied inversely as the volume, the molecular conductivity 
would remain constant, but that is not the case. 

Koblrausch obtained two very remarkable results. 
The first may be stated as follows;— The molecular 
conductivity of an electrolytic solution increases with the 
dilution aud reaches a maximum value approxiniately 
corresponding with in6nite dilution. ^ 
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The following figures, which refer to a solution of 
potassium chloride and are djie to Ostwald, afford an 
illustration of this fact : — 


1 , . 

Gramme e<)uivalent« 
per litre. 

Molecular 

conductivity. 

Percentage of Molecules 
ionised. 
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Here the molecular conductivity increases with the 
dilution, tending towards a maximum, which is reached 
when the dilution is infinite. If wo regard molecular 
conductivity as a measure of ionisation, then this 
maximum corresponds with a state of complete ionisation ; 
and the ratio of the molecular conductivity at any 
concentration to that at infinite dilution gives the per- 
centiige of molecules ionised at that concentration, as 
shown in the right hand column of tlie al)ove table. 

Secondly, Kohlrausch found that a change of catbion 
produces a definite change of molecular conductivity 
independent of the anion in very dilute solution, and the 
same is true for a change of anion. For example, the 
difference in molecular conductivity between equi- 
molecular dilute solutions of KCl and NaCl is equal 
to the difference between solutions of KNOs and NaNOi 
of the samt molecular concentration. From this it 
folIowB that the molecular conductivity at infinite dilution 
consists of the sum of two independent terms, which 
depend upon the anion and cathion respectively, and 
which may be taken as being equal to the ionic velocities. 
In the form of an equation we have 
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in which is the molecular conductivity at infinite 
dilution and it, v, the ioni(# velocities. The st|temerit that 
the velocities of the ions are independent of one another 
is known as the Liiw of Kohlrausch. Solutions of noriflaf 
salts having two monovalent ions are^found to obey this 
e(][uation closely, but the niob'cular conductivities in the 
case of polyvalent ions are smaller than would be expee|^d. 
It is, therefore, preferable to take Ostwald’s modified form 
of the equation, and to include a constant a such that 

Under what may be regarded as normal conditions a is 
unity and the ecpuition reduces to the simpler form. 

The above facts were known at the time that Arrhenius 
brought forward his theory, and they formed some foun- 
dation u]>on which to build it. If we accept the idea of 
independent ionic velocities, the entire independence of 
the ions themselves at once suggests itself. We will now 
pass on to work which wjis completed at a later date and 
which has served to strengthen and confirm the theory 
of ionisation. 

OSMOTIC PEESBURR— Tlie nature of osmotic pressure 
will be most readily understood by referring to the following 
simple experiment. In Fig. 29, the vessel A is the head of 
an inverted thistle funnel, the stem being broken off. Across 
the top is stretched a piece of bladder which is tied round 
the funnel In order to make a water-tight joint, the 
bladder should first be made wet with hot water so as to 
obtain an e\en surface, after which it is slightly dried. 
The funnel is made hot, and some Chatterton insuktiug 
compound is quickly applied all round the edge. While 
the Chatterton is still hot the funnel is placed top down- 
wards upon the bladder, which is then tied round the 
edge. If properly carried out, a perfectly water-tight 
joint will result. When the vessel so^ formed is complete, 
it is filled nearly to the top of the neck with a strong 
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solution of sugar, and joined by a good fitting pilce of 
rubber tubing B to a fine capillary glass tube C. By 
- slowly puslking the latter do\fn into the vessel A, the 
^Jeyel of the sugar solution in the cuipillary tube may 
be adjusted to any dosii-ed beiglit. The vessel A is now 
iinmorscd in a beaicer of water I). For the first liour 
or two vcf^ry little may happen. Possibly the level in the 
cajiillary tube will oven fall. But at the end of a day, a 
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very decided rise will be observed due to what is termed 
the osmotic pressure of the sugar. As soon as the 
diaphragm assumes a steady state the rise is rapid. With 
a tube of about half a millimetre bon^ and a funnel IJin. 
diameter,, the author has observed a rise of llcni. in 
twenty minutes. 

This pressure is generally explained by saying that 
^the sugar molecul^ are striving to pass through the 
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memlirane into the water. The membrane acta like a 
molecular filter, l)einp; impermeable to the sugar molecules, 
but permeable to the wat^lt' molecules ; and the water 
pjisses inwards, but there is little or no exit of sugar if th(^ 
membrane is suitable. Various membranes are employwi 
in experiments of this kind, artificial oiies being the most 
efieetive. 

The pressure so observed, wdiich may amount to seveifal 
atmospheres, is generally regarded as the ])resHure exerted 
by the sugar molecules. On observing the osmotic 
pressures of various solutions it is found that equimo- 
lecular solutions exert equal osmotic pressures, thus 
showing that the pressure depends upon the number of 
the molecules in solution |)er unit voluma Thi.s result 
is similar to the law of Avogtidro for gases, which Htates 
that equal volume.s of gases nmastired under the same, 
tenq)erature and pressure contain the same number of 
molecules. 

As the result of a number of experiments, Pfetl'er found 
that the osmotic pressure of a solution is proportional to 
the concentration and to the al)3olute temperature. Now, 
the concentration of a solution is the reciprocal of its 
volume. We may therefore write this result in the form 

P=K’1t, 

or PV=R'T, - 

in which P is the osmotic pressure, V the volume, a 
constant, and T the absolute temperature. 

Van’t Hoff was the first to point out the striking analogy 
between this result and the laws of Boyle and Charles, 
which are embodied in the well-known equation referring 
to giises, viz. : — 

pv *BT, 

in which the letters have similar significations to those in 
the previous equation, the only difference being that in 
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the former we are dealing with a volume of solution,, 
whereas in^ the latter a volupie of gas is in question. 
Upon invastigating tlie results of Pfefler, van’t Hoff found 
'trtat the values of the constants R and R' in the two- 
efiuatious were practically the same, whence he came 
to the following remarkable conclusion : — The osmotic 
p^ssure exerted by the molecules of a given weight of 
substance in solution is equal to the pressure which an 
equal weight of the substance would exert at the same 
temperature if it occupied a volume in the gaseous state 
equal to that of the solution. 

It thus app^jars that a substance in solution (at least 
when dilute) acts in the same manner as a gas, and that 
the laws of Avogadro, Boyle and Charles all apply to such 
solutions if the osmotic juevssure be substituted for the 
gaseous pressure. It is therefore concluded that, in the 
pnxjess of dissolving, a substance breaks up to a very 
large extent into separate molecules. When the solution 
is sufficiently dilute all the molecules assume a separate 
existence, and the osmotic pressure then becomes a 
measure of the number of molecules present. Such,, 
briefly, is van’t Hoff’s theory of solutions. Before dis- 
cussing the bearing of this theory on ionisation, we will 
pass to other results which serve to confirm this view. 

VAPOTO PRE8SUEE.— When a liquid is placed in 
conflned space, evaporation takes place, and continues 
until the vapour exerts upon the walls of the enclosure a 
definite pressure varying with the temperature. This 
fact can be easily shown by introducing a drop of liquid 
into the vacuunf above the mercurial column of a 
barometer. The level of the mercury falls, and this fall, 
supposing the lower level of the mercury to remain 
practically constant, is a measure of the vapour pressure. 

* Tbt mors rtGMDt vroik of Hone, liord Bvrkeley md other* ha* *1101111 
Ihft tho flcmMfMindtne* h more exact if the coneentratiem i* re ft rrad to 
tho tolumt of tho aolvent iottead of to that of the aolotioo. 
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Now if a liquid conUiiis a body in solution it is found 
that the vapiuir pressure pf this solution is less than the 
vapour pressure of the pure liquid. By working with 
solutions in this way, liaoult arrived at the foUowili|f 
conclusions : — 

1* If p is the vapour pressure of the solvent and 
that of the solution, then the relative depression 

is independent of the temiH*ratura 

2. In the case of ddutc solutions the relative depression 
increases in proportion to the concent ratii)n. 

II Defining molecular depression of tlie vapour pressure 
by the expression 

jp— ;/ m 

-p ■ T 

in which m is the molecular weight and / the quantity of 
dissolvetl suhstance in, say, 100 gruiumes of the solvent, 
thtui the following statement is found to be true : — The 
molecular depression has a constant value for solutions of 
<lillercnt substances if in th(‘ same sidvent: it is, therefore, 
independent of the qiialiii/ of tlie dissolved molecules. 

The molecular depression, as here defined, is simply the 
de]»res.sion ol»tained with a solution containing one gramme 
molecule of the solute in 100 grammes of the solvent 

4. The relative ilepression is equal to the ratio of the 
iiuml>er of molecules of the solute to the total number of 
the molecules of the solute together with those of the 
solvent i or, in the form of an equation, 

P ^ 

N-f » 

in which n is the number of molecules of the solute 
and N of the solvent. 

These results were obtained experimentally. But the 
last equation may be deduced theoretically from the law# 
of osmotic pressure, and thus the variations of vapour 
pressure serve to confirm van’t Hoff’s theory of solutioiii* 
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WOMO JPOIHTS AKB riEEglNQ POUTTS OF 
^ 80i«TOOIIl«-~Sinc6 the vapoui* pressure of a liquid is 
diminished when it jcontains a substance in solution, it 
IblSows that the boiling point of a solution is higher, and 
the freezing point lower, than that of the pure solvent 
We should therefore expect these variations to give al^o a 
measure of the number of molecules in solution. 

fiiis, in fact, is found to be the case. The increase in 
the boiling point is proportional to the amount of the 
w^ute. If the observations are reduced to what may be 
looked upon as a normal solution, for example, a gramme 
molecule of the solute dissolved in 100 grammes of the 
solvent, we arrive at the molecular increase of boiling 
point. Kepresenting this by B, we have 

B=^M. 

w 

in which is the boiling point of the solvent, t that of 
the solution, w the number of grammes of the solute in 
100 grammes of the solvent, and M the molecular weight 
of the solute. The right-hand side of this equation is 
simply the reduction of the observed rise to the normal 
solution. The value of the molecular increase of boiling 
pdnt is found to vary with the solvent, but to be inde- 
pendent of the solute with some exceptions. Thus, using 
th6 eame solvent, equimolecular solutions give the same 
increase <»f boiling point 

Th6 same remarks apply to the depression of the 
freezing point If tbe molecular depression is represented 
by F, we have 

■ ■ w ■ 


ipldoh the^remamixig letters, have the osanie meaning at 
exeept that and t now refer to freezing points, 
purely theoratical'>rea8cn]hag, based upcm osmotie 
van^ Hoff arrived at the equatioa 
Tj. (H)2T* 
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in wHich T is the freering point of the solvent on the 
absolute scale and X th^ latent heat of fusion of the 
solvent The expeiitnentai and theoretical Values for f 
are geterally mucli the same. In the ease of water, fof 
instance, Ilaoults observed molecular depression is 18’8 
undHhe calculated value b 18 9. A similar formula holds 
for the rise of boiling point We therefore find ^4t 
van't Hoff’s theory of solution is again experimentdly 
confirmed, 

BEHAVIOUB OF ELBOTEOLTTES. — Acxjurste observa- 
tions upon osmotic pressure and vapour i)re88ure are 
difficult to carry out DeterniiuatioiiH of freezing points, 
on the other hand, are com[)aratively easy; and, as all 
tliese phenomena are closely connected, results obtained 
for one hold for all. A large number of observations have 
been made by Raoult upon tlie depression of the freezing 
point, and later by Ponsot, Loomis, H. C. Jones and others. 
Now, although the various laws mentioned above hold 
for solutions which are non-electrolytes, it is found that 
abnormal results are at once obtained as soon as electro- 
lytes are dealt with. Osmotic pressure and variations of 
vapour pressure, boiling point, and freezing point are all 
larger than would be expected, the effect increasing with, 
the dilution. Electrolytes beliave as if they consist of an 
abnormally lai^e number of nioleculea But these results 
are all readily explained if ionisation is assumed, and thus 
the observations of Hooult are to be regarded aa 
finuatory evidence in favour of the ionisation theory. 

It must, however, be remembered that the phenomena 
that we have just been considering are not independent 
of one another, and that therefore evidence obtain^ from, 
say, osmotic pressure cannot be looked upon as additional 
to, and indepeudent of, evidenoe in favour of lonfsatioii 
obtained from freezing pointa The chief foundation of 
the tlieorj is based on what we Have Iniefly descrihedt 

mi 
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although there are other facts which we cannot enter into 
, here. A critical examination o^ the whole theory would 
take us too far from our subject; we must therefore be 
Ijohtent with saying that the belief in ionisation has 
spread to a wonderful extent on the continent and else- 
where, but it lias met with a goo<l deal of opposition in 
this country. The theory of Arrhenius only applies to 
very dilute solutions ; concentrated solutions may be 
quite diherently constituted, and therefore the theory is 
a very limited one. But the facts cannot be denied : the 
only ([uestion is the validity of the deductions. Ionisa- 
tion is not necessarily tlie only way of accounting for 
these facts. For example, Boynting* has shown that 
Baoult’s formula for vapour pressures, viz., = 

p 1^ + 71 

may be arrived at equally well by assuming that 
association takes place l)etween solute and snlvent instead 
of dissociation of the dissolved molecules. This hypothesis 
has been advocated by Armstrong. 

More recent work by II. C. Jones. K. Ota and others has 
lead to the conclusion that both molecule.s an^l ions may 
combine with a varying number of molecules of the solvent, 
giving rise to what are conveniently termed “ solvates " 
(corresponding to hydrates in ai^ueous solution). This 
effect is accentuated with increasing concentration, causing 
the solution to be virtually more concentrated than appears 
from the mere weights of the solvent and solute. Non- 
electrolytes appear to solvate but slightly. 

A good deal of work has also been earned out on non- 
aqueous solutions, which seem at first sight to be irregular. 
For example, there are many cases in which the molecular 
conductivity decreases, instead of increasing, with increased 
dilution ; and many solutions, which, according to molecular 
^weight determinations, are not ionised, are good conductors. 


PkU, Mag. (8), Vol. 48, p. 289, 1896, 
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ThulJ L Kahlenl>erg* has carried out a number of detw 
minations of the degree of ionisation of soliitiona 

by tlie boiling point and "freezing point metlloda and also* 
by I he conductivity method, from low to very high conqpni 
trations. He found that there are solutions which are 
excellent conductors, but which do aiot show abnormal 
molecular weight of the dissolved substance. I n some cases 
the molecular weight decreases with increase of concetslra- 
tion, finally becoming less than what it ought to be even on 
the tissumption that ionisation is complete. It was found 
that, in many cases, there was not even a qualitative agree- 
ment between freezing points and boiling points of solutions 
on the one hand and their electrical conductivity on the 
other, as is claimed hy the theory of Arrhenius. 

It appears therefore tliat, in both aqueous and non- 
aqueous solutions, results have been obtained which are 
not in accordance with the ionisation theory in its simplest 
form and that account must also be taken of the solvent, 
more particularly if the solutions are not quite dilute. 

Ha\ing considered the ionisation theory and soino of 
tlie physical jjlieiioiiiena which are moat closely connected 
with it, we are now in a position to pass on to the 
osmotic pressure theory of cells. 

OSMOTIC PEESSURE THEORY OP CELLS. Electrolytic 
Solution Pressure. — When evajwration takes place from a 
liquid in a closed vessel, it continues until the pressure of 
the vapour so formed reaches a certain value, depending 
upon the temperature and upon the liquid. After this 
maximum value of the vapour pressure is reached, the 
condensation which then Urkes placte is equal to the 
evaporation : although molecules may still be regarded aa 
escaping from the liquid mass into the gaseous, an equal 
number are passing l^k fnrm the vapour into the liquid, 
and so a state of equilibrium is establislied in which the 
• Journal o/Phpiieal ChtmiMry, Vol V., pp. 339-392, JoiMI, 190L 
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vajKJur pressiire is equal to and opposes the tendency of 
,the liquid to pass into vapour.. In the same way, the 
^inotic pressure of a saturated solution which is in 
cbiitact with some of the undissolved solid substance may 
be looked upon as a measure of the " solution pressure " 
of the substance, or of its tendency to pass into solution. 

In order to account for the RM.F., or the difference 
of potential, between a metal and any electrolyte in which 
it is immersed, Nernst introduced the idea of “ electrolytic 
solution pressure” of the metals. This is analagous to 
vapour pressure, and indicates, or measures, the tendency 
of a metal to pass into free ions when placed in an 
electrolyte. These free ions are positively charged, and 
therefore also the electrolyte containing them. Since both 
kinds of electricity result simultaneously, the metal must 
be negatively electrified, and will attract the positive ions 
to it What is called a “double layer” of electricities 
results at the surface of separation between tlie metal 
and electrolyte. As soon as the attraction of the metal 
for the positive ions is equal to the solution pressure, 
equilibrium is established, and no more ions pass into 
solution. If they did so, the electrostatic attraction 
would become greater than the solution pressure, and the 
reverse process would set in, viz., ions would pass back 
into the molecular state. Very few ions suffice to bring 
about this equilibrium, because the ionic charges are lai^e. 

In the case of a liquid containing no ions of the metal 
in question, the value of the E.M.F. depends only upon the 
solution pressure. But if ions of the metal are present, 
the solution pressure is opposed by the osmotic partial 
pressure of the cathions, and the E.M.F. is smallej;. Let 
P be the solution pressure, and p the osmotic partial 
pressure due to the metallic ions already present Three 
cases are possible. First, V>p: metal ions are produced 
and the metal becomes negatively electrified; but since 
the osmotic pressure opposes the solution pressure the 
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tiamW of ions, and therefore dao the m pro* 

duced, ie smaller thandt would be if no ions were initially 
present Secondly, P»>p : in this case the lietal does not* 
become chai^d, because no more metallic ions can»lA 
produced, and therefore no RM.F. results. Thirdly, 
in this case cathions are precipitated, as it were, 
upon the metal, to which they give up their positive 
charges until the electrification is sufficient to repel^the 
remaining cathioiis. Consequently the metal is positively 
electrified and the solution negatively, an E.M.F, being 
produced which is apposite in sign to that in the first 
case, where P is greater than p. 

Let us now calculate the value of this RMF. The 
ions at the surface of the metal where the “ double layer * 



is formed may be looked u|>on as being under a pressure 
equal to the solution pressure, whereas any ions in solution 
are under a pressure equal to tlie osmotic partial pressure 
of those ions. If a current Hows, due to the RM.F, the ions 
pass from the pressure P to that of p, and in this change of 
pressure a certain amount of work must be done by the 
ionsw Suppose gas under a pressure to be confined in 
a cylinder, as indicated in Fig. 30, by a piston of area A, 
Then the total pressure outward upon the piston is pA 
If the piston is allowed to move a very short distance, 
djs, outwards, so short tliat the pressure remains practically 
constant, the work done by the gas in so moving the 
piston is pAdx, But Adx is the variation in vokune, or 
caused by the motion ; and so the work done is equal 
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to the pressure multiplied by the change in volume. * The 
^ t<jtal work done in varying froni a volume to is given 
•by the sum &f such quantities, or by the integral 

, j Vi 

Since in gases we have the relation tlie integral 

asarimes the following value, viz. : — 

Tj:r'— 

lv,V 

=RT log ’^'?=RT log^J, 

’’i ^ P‘i 

where p-i are tlie pressures corresponding with Vi, % 
In this expression the value of the constant K depends 
upon the basis on which we start: it is equal to the 
product of a volume into a pressure divided by the 
absolute temperature of the gas. If a given volume of gas 
be taken at a given temperature, the pressure is not 
defined by these two quantities, because it still depends 
upon the mass of gas with which we are dealing. By 
forcing more gas into the given volume the pressure 
would he changed, and the apparent value of the constant 
would also change. It is therefore necessary to deal 
with a definite mass. In our case the most convenient 
unit of mass is the gramme molecule. It will be remem- 
bered that a gramme molecule in the gaseous state 
occupies a volume of 22 38 litres at the normal pressure 
of 760 millimetres of mercury and at the normal absolute 
temperature of 273*. All our quantities are then defined, 
and the value of R, expressed as heat, is found on this 
basis to be 2 gramme-calories. With this value for R, the 
expressions given above represent the work done when a 
gramme molecule of a gas changes from the volume 
«t to or from the pressure 
We may now continue the calculation of the EM.F. 
When a current flows from the metal to the solution. 
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metallic icns pass from under a solution pressure P to the 
osmotic t>artial prtissure p. .If the electrolyte is a dilute, salt- - 
solution of the in(*tiil, supposed to l>e monovjuent, it nuiy| 
be look d upon as eoinjjletely ionised into (njual numl»di'S 
of two ions, iiiul the value of p will tlyui 1m* eijuul to half 
the ^)sniotic jiressure, i.e., to the whole osmotic pressure 
which would result if no iinusatimi were to t 4 ;^'e 
place. Since the solute in a dilute solution obeys the 
gaseous laws, we may apply the rosulta we have just ob- 
tained for a gas. 1 1 thus appears that when a gramme mole- 
cule of a inoiHJvalent metal passes voltaically into solution, 


]> 

work is done to the (*xU*.nt of i’T log • ?>ut if E is the 

K.M.F. at the metal-liquid junction, and the work is 
wholly cunvertetl into electrical energy, this work is also 
equal to 00,500 E, because 90,500 couloinl>s of electricity 
are re([Uired to detHunpo.se one gramme molecule. Thus 
we have the ivlation 


90,500 E = 1!T1()kV. 


The left hand side of this equation is expressed as work, 
and ther(‘f<ir(i It must also be expre.ssed in that way. As 
already stated, it is equal to 2 grumme-ciilories, and thus 
to 2 X 42 X lO*' e.G.S. units of work. Remernheriiig that a 
coulomb is C.G.S. unit, and that a volt is 10* 

e.G.S. units, we have for the value of the E.M.F. in volts 
2X42X10«‘ P 
96,50()xl0-‘xl0'‘ 

= 0 000087 T log - 
P 

« 0-0002 T log,, 

the last value being obtained by converting the logarithms 
to the ordinary base of 10. If the temperature is 15°G> 
then T«288, and 

E«* 0*0576 log, at 15®C. 
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If the metal is not univalent we have the more general 
formula 


c 


1 


00575 ^ 

n 



in which n is the valency. 

Now consider the E.M.F. of a reversible cell, such as a 
Daniell. Here we have four contacts. The metal/metal 
Snd liquid/liquid contacts only give rise to small E M.F.s 
which may in the first instance be neglected. At each of 
the metal/liquid junctions, however, we have metallic ions 
seeking to pass into solution ; but this can only take place 
at one plate, deposition l)eing necessary at the other 
Consequently the E.M.F. takes the form 


E = 0 0002T 




in which the two component E.M.F.S oppose each other. 
The sign of either term in itself depends, of course, upon 
the solution pr<'asure being greater or less than the 
osmotic pressure. In this e.xpression the forces are 
supposed to be in equilibrium. It is the E.M.F. on open 
circuit, in which state the solution pressure diminished by 
the osmotic pressure of the metallic ions is equal to the 
electrostatic attraction of the double layer. But when 
the negative charge on the zinc is removed by closing 
the circuit, this e<iuilibrium ceases. The positive charge 
of the double layer is then no longer bound, and conse- 
quently the solution pressure gives rise to more free ions ; 
the zinc pjksses voltaically into solution and a continuous 
current is generated. 

This theory of E.M.F. has been indirectly confirmed in 
many ways. For example, if the valencies n and are 
the 4ame,and if the concentration of the ions is the same 
for both aduiions, or the formula simplifies to 
„ 00002 
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In maS a cafie the E.M.F. depends imljr upon ihe solution 
pressures, and, if the salts are assumed to be completdijr 
ionised, it does not change when the concentration of 
both solutions varies in the same way. That is to saja 
if the E.M.F. of a Daniell cell is 107 volts for given 
concesitrations, it will remain at this value if the con- 
centrations of the zinc sulphate and copper sulphate 
solutions are increased or decreased by the same amount 
This result is easy to understand. An incrx^ase, for 
instance, in the concentration diminishes the E.M.F. at 
both plates ; but, as these EM.F.s oppose one another, 
the resultant E.M.F. remains constant (assuming equal 
ionisations). Tliis is found to be approximately the case. 


MEA8TJEEMENT OF SINGLE B.M.F.S.— The existence 
of electrolytic solution pressure is juirely hypothetical, for 
unfortunately we have no means of din?ctly measuring it, 
or of proving that it dws exist. Taking it for granted, 
however, that we have a statement of facts in the equation 


E=?:~-TlagJ\ 

n p 


it should be possible to deduce the value of the solution 
pressure in many c^i8()s if we could measure single EM.F.s, 
i,e., the E.M.F. due to a metal in contact with a liquid. 


Tliis E M.F. must not l>e confused with the contact force 


between metals and liquids, which* is a purely electrostatic 
eflfect and therefore unable to help us here. The determina- 
tion of the Peltier etfect at such a junction would give a 


measure of the EM.F., hut the value of stich measurementa 
is sometimes disputed. Fortunately, the work of Ostwald, 
lippmaun, Helmholtz, and others has rendered this 
possible in another way. One method of arriving at tlie 
required result is by means of a dropping mercury 
diectrode. Suppose we have a mass of mercury which is 
allowed to run into an electrolyte in a fine stream. This 
stream is continuous near the jet, and may therefore be 



100 


PRIMARY BATTERIES, 


arranged to form a connection between tlie electrolyte and 
the mercury in the reservoir. As the stream falls it 
breaks inlo globules. Now when such a stream starts, 
<he mercury is positively electrified owing to the low 
value of its solution pressure. But as the flow continues 
the difference in potential diminishes. In the w(frds of 
Helmholtz,* “ . . . . when a quantity of mercury, other- 
^'ise insulated, makes conUict witli an electrolyte by 
flowing rapidly through an orifice, the mercury and the 
electrolyte cannot be at difTerent potentials. For if the 
potentials were different, e.g., if the mercury were positive, 
each falling drop would present an electrical double layer 
at its surface, thus removing positive electricity from the 
mercury, and would gradually reduce the positive potential 
until it became ecpial to that of tlie liquid.” Thus the 
measurement of the single K.M.F. between mercury and 
a solution becomes comparatively easy. Usually the PIM.F. 
between two stationary mercury electrodes in the same 
electrolyte is zero, because the two i)otential differences 
involved are equal and opposite. But if one of these 
potential differences is removed by using a dropping mer- 
cury electrode, then the E.M.F. between the moving and 
tlie stationary mercury will be simply that between 
mercury and the solution. 

The mode of action of a dropping mercury electrode 
may be shown by the simple arrangement given in Fig. 3 1 . 
A burette serves as the mercury reservoir, and is supported 
about a centimetre above the surface of dilute sulphuric 
acid contained in a l)eaker, which also holds some lne^cu^}^ 
Connection is made kitween the latter and a galvanometer 
G by a wire passing clown a piece of glass tubing which 
is attached to the side of the Ireaker and dips into the 
mercury, thus protecting the wire from the acid. A 
second wire passes from the galvanometer down the bore 
of the bui'ette, making contact with the mercury which it 
• ZtiUokrififikr PkyrikalMt Chmit, VoL I., {». 5M, 1887. 
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oontaina Upon opening the tap, so that the mercury 
fiows in a rapid stream, a deflection of the ga|vanoraete 
will be observed. 

Another method of measuring single RM.F.S depend 
upon surface tension. ^ 

AaTtlie result of such measurements, it has been foum 
that the E.M.F. between mercury and mercurous chloride 
in normal potassium chloride solution U 0*56 veil 



Fw. 51 .— Dmpptng Mercury Electrode, 


Knowing this, it is a simple matter to deduce other values 
on the assumption that the RM.F. of a cell is the 
algebraic sum of two such potential diflerences. For 
example, if both plates tend to send cathions into solution, 
they oppose each other, and we have 
K«»Ei— Ei 

as the resultant EM.F, Supposing the E.M.F. of the 
cell, sinc/normal zinc sulphate aolutiou/mercurous chloride 
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in noitnal potassium chloride solutioii/inercaxy, to bo I'OS 
volts^ then^^since ions tend to pass out of solution in the 
» case of mercury, we have 
‘ l* 08 «Ei-f 0 - 66 . 

. El =0-62, 

and therefore the value of the E,M.F. between zinc and 
ncnnal zinc sulphate solution is 0*52 volt. 

It should be noted that this value is larger than that 
resulting from the measurements of the Peltier effect 
by Bouty.* 


CALOXJLATIOlff OP ELEOTBOLTTIO SOLUTION PEE8- 
STJ&E. — We now have the means of calculating the values 
of the various electrolytic solution pressures. We have 
at a temperature of 15?a the relation 


E= 


0*0575 , P 


or 




+logioP. 


In the case of zinc, »s»2; and if the solution is normal 
zinc sulphate, Es=0’52. Also, if we suppose the sulphate 
to be completely ionised, then the osmotic pressure p due 
to a gramme molecule in a litre of solution will be 22'38 
atmospheres. 

Substituting these values, we find P — 27 x 10^* 
atmospheres. 


The solution pressures of other metals may be calculated 
in the same way after deducing the values of corresponding 
single E.M.E.a 

The following examples, mostly due to Neumann, will 
pve an idea of the results obtain^, which vary somewhat 
according to the data on which they are based: — 

lltgnMitun 1*X5X1C** fttmocphem ( ht»d •».». 1*1X10“’ atmoti^ierM 

2*7 X10“ „ I Copptr ... 4*8X10“» , 

lr<ia».»..» 1*2 XlO* „ I PktUi^am. 1*6X10“» „ 


^ Wwot let 8 eri«h, Vol. 8 , p. 229, 1879 ; ted Vol 9 ^ 

i».m,i88a 
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Them figum will at once strike leader at eomewbaa 
etiengeb moat of.them being eaormonsljr large 0|e3ctr6inely 
small It must, however, be remembered that suofa figures 
really only represent the striving of the molecules to pa^ 
into the ionic state, and the pressures ^lere given are tha 
osmotic pressures wliich it is necessary that the metalHo 
ions already in solution should exert in order that n^ 
ionisation, and consequently no electrification, should take 
place. It should also be borne in mind that no such 
pressure has been directly or indiiectly observed. All we 
can say is that if electrolytic solution pressure exists, and 
if it acts in the way here described, then the magnitude of 
the pressure must be of the order given above. 

From our preliminary discussion of solution pressure, it 
will lie inferred that those metals with the high pressures 
are negatively electrified, and those with low pressures are 
positive to solutions of their salts, lletween these two 
extremes metals may be found which are not electrified 
at all if the concentration of the solution is suitabla 

Having found the values of solution pressures, we are 
now in a position to calculate the E.M.F. of any reversible 
cell But such calculations c^in in no way confirm the 
values we have already found for the solution pressures, 
because the latter are based upon the experimental 
determination of such RM.F.s. It is simply a case of 
reasoning round in a circle, and therefore such oalcula* 
tions become of no further interest 

nraoT or rABTmo thb nboativb m-*it will 
be noticed that the formula arrived at for the value of a 
single EM.F. is quite independent of the negarive ion: it 
only dependa npon the osmotic preesure of thoee positive 
ions which are of the same metal as that which is 
immexsed in the aduUmii and upon the electinlytk 
solution pressure of the metal Thus we should expect 
the £.I£F. of rine in zinc fuilphate solution to be the 
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same as that of zinc in zinc chloride, provided the degree 
of ionisiition is the same in both cases. This deduction has 
been verified by Neumann, who carried out measurements 
upon a large number of salts. Unfortunately these were 
mostly salts of oi^inic acids, which are well known to 
produce no etlect upon the E.M.F. Very decided changes, 
however, are often observed in passing from one halogen 
salt to another, and this fact led Bancroft* to the conclu- 
sion that, although a single E.M.F. is independent of the 
concentration when ions of the metiil are not in solution, 
and also generally independent of tlic positive ion in such 
a case, yet it depends upon the negative ion and upon the 
solvent. He concluded further that in aqueous solutions the 
E.M.F. is the sum of two terms, one due to the electrode and 
the other to the negative ion. For most metals ainl most 
electrolytes tlie term due to the negative ion has the same 
arithmetical valiu; and the same sign ; but in the case of 
mercury the sign is opposite although the value is the 
same. A. K Tuylorf arrived at the conclusion that a 
single E.M.F. is not a function of the negative ion ; he 
looks upon mercury and copper as exceptions, the effect in 
these two cases being probably due to the formation of 
complex siilts. 

OOKPABISOK OF THE HELMHOLTZ AND NHRNST 
EQUATIONS.— Uifticulties arise in the application of both 
these formulte, although they are perfectly general from 
the theoretical point of view. In the case of the 
Helmholtz equation, it is only necessary to know the heat 
of a certain reaction and a temperature coefficient in 
order to arrive at a result But the determination of the 
former may be difficult, and the actual reaction may be 
uncertain. When, for example, a cell is generating a 
current for some time the E.M.F. falls, apart from any 

• Review, VoL 3, p. 250, 1896. 

t /mnml Pk^9ical Vd. 1, p. 1, 1896. 
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polarisation efiects. The reaction may still bo the same 
chemically, thouj^h under altered conditions^ and there- 
fore diflerent thermally; or it may 1 h* somewhat modified | 
chemically. Hut these chan^jes are such that we cannbt 
well trace tliem and determine their thermal equivalents. 

The equation of Nernst, on the other hand, is based on no 
chemical reaction, ,l)ut rather on physical ('hun^<‘S. Variiiti^ 
fjf E^l.F. with varviriij concentration is readily followed by 
referring to siieh an equation, wh(‘reas a change in the 
heat of reaction is not (‘nsily det;<^cted. Nt‘verthelc 8 fl, 
osiimtic jiressures may ofti*n he so small as to Ihi indefinite, 
in which case the Nernst formula gives no precise result 
It may, liovvever, be said to giv« a more <letailed insight, 
in some rc'spects, into the working of a cell. The Ifelrn- 
holtz formula applies to a cell as a whole, for no voltaic 
chemical reaction can take place with a truly single contact, 
though wc may perhaps consider each individual reaction 
as representing an E.M.F. 

The preceding remarks will be rendered clearer by the 
consideration of a few examples. Let us first turn to the 
Helmholtz equation, and apply it to the simple cell 
Cu/HaSO^/Zn. The chemical part of the RM.F. is readily 
calculated from the difference of the heats of formation of 
zinc sulphate and sulphuric acid, because zinc sulphate ii 
formed and a corresponding amount of sulphuric acid ia 
decomposed. We have, in fact, • 

[Zn, Oa, SOa, Aq] - [Ha, Oa, SOa, Aq] = 37,700 calories. 

The thermo-electric term, or temperature coefficient, mnst 
be found experimentally. Now, what will be the effect of 
replacing the sulphuric acid by a solution of zinc sulphate? 
If we suppose the current still to be due to the formation 
of zinc sulphate, we have the E.^i.F. given by 

[Zn, SOJ -[Zn, SO 4 I 

because the sulphate is both formed and decompoeed 

1 
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But this expression is zero. We may go a step further 
and replac^ the zinc sulphate by a solution of potassium 
sulphate. The chemical part of the E.M.F. would then, on 
the same supposition, be given by 

[Zn, SO J -t Ka, SOJ = - 89,800 calories, 

(from Thomsen's data). 

tE^us by these changes, supposing such reactions to take 
place, the chemical ]>art of the E.M.F. is first reduced to 
zero and then to a large negative value. Apart from the 
impossibility of the last reaction, which is so highly 
endothermic, it is found experimentally that the E,M.F. 
of the cell 0 u/K 2 S 04 /Zn is 1‘Ofil volts, the zinc being 
the electro-positive plate; further, the EM.F. of sucli 
a cell is practically the same as when the electrolyte 
contains cathions of the positive plate, as in the cell 
€u/Zn ^OJZn (Taylor, l.c,). The results also change but 
slightly if other salts are used. We must therefore 
conclude that the assumed reactions in the case of salt 
solutions are incorrect, and that, whatever the reaction 
may l)e, it must be of a general nature, not varying with 
the Stilt employed as the electrolyte. 

Again, the EM.F. is found experimentally to vary with 
the negative plate. For example, the EM.F, of the 
reversible cell Ag/AgN08/Pb(N08)a/Pb is 0*932 volt; 
but if any metal between silver and lead in the voltaic 
series is substituted for either of these metals, and the 
corresponding reversible cell is formed, the EM.F. will 
*lie diminished. Thus, if copper is substituted for lead, we 
have the cell Ag/Ag N03/Cu(N08)2/0u, and the EM.F. is 
reduced to 0458 volt How does the Helmholtz law 
account for this change? Part of it may be due to a 
change in the thermo-electric term, but the greater part 
must, owing to its magnitude, be due to the chemical 
term. As already shown in the case of the Daniell cell, 
latter term is given by the difference of the heats of 
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formAion of the two salts. For these two cells we have 
the chemical E.M.F. given by 

[Pb,(N08)J~2[Ag,N0a], 

and [Cu, (NOb)^]- 2[Ag, NOb] 

respectively. Thus both the metals enter into the calcu- 
latiaii, and the E.M.F. should conse(}uently vary if thei'e 
is a change in either of them, which is found to be 
case. The above expressions may almost be looked upon as 
denoting a striving of both the ])lates after the negative ion. 

But when we pa.ss on to the single cell Cu/HaSO^/Zn, 
we find that only tlie positive plate enters into the thermo- 
chemical calculations, and the thermo-electric term is the 
only part of tlie Helmholtz equation whicli is allectcd by 
a change in the negative plate. This is unfortunately 
insuflicient to account for the observed phenomena. 

rassiug again to the cell Cu/KaS(\/Zn, let us 
assume that tlie KM.F. is due to oxidation of the 
zinc by the water. This reaction is independent of any 
particular salt, and therefore a change of the salt would 
not cause any change in the liM.F., which is in accord- 
ance with experiment. Now, can the negative plate be 
supposed also to affect the EM.F. ? It certainly may do 
so if we suppose the plate to be to some extent oxidised 
The oxidation will often be only extremely slight, but 
when it is remembered that the currents that can be 
generated by such cells are very minute, it will be 
allowed that the oxidation of the negative plate may be 
sufficient to act as a depolariser under normal conditions. 
We should then have oxidation of the positive and reduc- 
tion of the negative; and, if the whole takes place 
voltaically, the chemical part of the EM.F. of such a cell 
as Cu/Zn SOJZn is given by 

[Zn,(OH),]~(Cu, (OH)*] 
«[2n,0,Ha0]--.[Cu,0,H*0] 
-82,680^37,520 
—45,160 calories 
-0*98 volt 


12 
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The observed value is 1*06 volts; but, as tlie calAilated 
value docs not include, the thermo-electric term, the agree- 
ment may in reality he much closer. This way of regarding 
these cells thus permits the influence of the negative plate 
to a])pear as demanded by experiment, and in that respect 
is satisfactory, but further confirmation is necessary. • 

^ Unfortunately the E.M.F. of a cell which polarises rapidly 
is not easily determined. If the metliod of measurement 
selected necessitates the generation of current by the cell, 
then polarisation is at oirce introduced and causes the 
E.M.F. to appear lower than it really is. If, on the other 
hand, the generation of current is avoided by the use of an 
electrometer, we then become uncertain what KM.F. we 
are really measuring: dissolved gases, for exam[)le, may 
exert a consideralde influence, although not really the 
cause of the E.M.F. we desire to measure. It is, therefore, 
not a simple matter to decide these and many other 
theoretical points by an appeal to experiment. 

Let us now look at the same cells in the light of the 
Nernst theory. In all cases we have to do with the 
electrolytic solution pressure of both the plates, and there- 
fore a change in either plate must cause an alteration in the 
E.M.F. In a reversible cell, such as Cu/CuSO^/ZnSO^/Zn, 
everything is quite definite. We have tlie solution pressures 
of copper and of zinc opposetl by the osmotic partial 
pressures of the copper and zinc ions in the electrolytes, 
as required by the formula 


00002 




neglecting any disturbance due to the junction of the two 
Boliitions. 

But when a metal is placed in a solution containing 
no ions of that metal, the solution pressure is opposed 
by no osmotic pressure, and the single EM.F. should 
be infinite in value. Tliis is not, however, the cuise 
and therefore it may be concluded that a certain number 
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of ions always pass into solution, but we cannot say off- 
hand what the number should be, and consequently the 
E.M.F. of such a cell as Cu/ZnSOi/Zn appears to boj 
rather indefinite. In this case there is no definite osmotic 
pi-essure of the copper ions, though thje zinc ions exert a 
pre.^ure whicli can be determined by suitable measure- 
ments as already explained. The same difficulty would 
expected in the cell CujK^SOJTiH. The latter may, how- 
ever, be considered from the following point of view, as 
suggested by Bancroft.* 

We have seen that the E.M.F. of a reversible coll is 
independent of the concentration, provided the ionisation 
is always complete. NoW, instead of diluting the salts 
in the cell Cu/CuSOJZnSt\/Zn with water, let us use 
K2SO4 fur this purpose. Aceoixliug to the theory, the 
effect on tlie cojjper and zinc ions will precisely the 
same, and we shall eventually o])tain the cell Cu/KgSO^/Zn, 
which thu.s a})]»ears as a limiting case of the reversible 
cell Cu/CuSCyZnSO^/Zn, an I should therefore have the 
same EM.F. This view is to some extent supported by 
experiment 

In the above discussion it is assumed that no EM.F. 
exists at the junctions of the solutions. As will ki seen 
in the next chapter this assumption cannot always bo 
made, but the E^I.F. is generally small. 

A further difficulty arises when the solution pressure 
of a metal is very small, as for example in the case of 
copper and mercury. According to the hypothesis of 
Nernst, when mercury comes into contact with a solution 
of one of its salts, mercury ions are precipitated upon it, 
and it thus becomes positively electrified. This has Ijeen 
confirmed experimentally by W. Palmaer.f But if such 
a solution as potassium sulphate is used in place of a salt 

* Pkpical IkvUa, VoL 5, p. 250, 1836. 

t ZeiUKshri/t fUr PhysHalisehe Chemie, VoL 28. pp. 257<279, 18S9, aod 
ZtUicKriflf&r Elektrochmie, Vol. 7, pp. 287-8B9, 1900. 



116 


TRIMAHY BATTERIES. 


of raemiry, no mercury ions are initially present, and 
therefore n(j such precipitation can take place. Never- 
theless the mercury is found by experiment to be still 
positively electrified. This is generally explained by 
saying that, as soon, as the solution touches the mercuij, a 
little of it passes into solution, most probably as hydroxide, 
^^Jd the ions are then reprecipitated if their osmotic pressure 
is greater than the solution pressure of the metal. The 
amount of oxide necessary to effect the electrification 
would be very minute, but the explanation does not 
appear altogether satisfactory. 

It has always been considered that the amount of metal 
which is dissolved in giving rise to an E.M.F, is too small 
to be determined by chemical means. Kecently, however 
R A. Lehfeklt* has shown that, in the case of zinc at least, 
the amount dissolved would be some centigrammes per 
square centimetre immersed. This point has been dealt 
with further in a later publication.f 

THE ELECTRON THEORY. — Since the beginning of 
the present century great progress has been made in the 
Electron Theory of electricity, a theory which is intimately 
bound up with the name of Sir J. J. Thomson. According 
to this theory, the movement of electricity depends upon 
small corpuscles, far smaller than atoms, each associated 
with a definite negative charge. These may be looked upon 
virtually as atoms of electricity, and are termed electrons. 
There are both positive and negative electrons, bu^ it is tho 
negative electron which appeare to be most readily affected ; 
in fact, our acquaintance with the positive electron is com- 
paratively small. It is assuimd that the normal unelec- 
tiiffed atom has, associated with it, an equal number of 
positive and negative electronii. If such an atom parts 

• Biper read before the Bflt Asaoc., 1899. Phil Mag., Vol. 48, pp. 

1609. 

t m Jfap., Vol 1. pp. 677-403, 1901. 
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wkh » 3a«gative electron the atom becomei positively 
electrified owing to the resulting excess of positive^electiicity ; 
on the other hand, if it receives a negative electron, there 
results an excess of negative electricity, and the atom ttoi 
becomes negatively electrified. 

Tlie electron theory does not add materially to our know- 
ledge of primary cells, but it gives us a simple way of lookirij^ 
at some of the phenomena. For example, when a piece of 
line is placed in contact with a piece of copper, negative 
electrons pass from the zinc to the copper, and so the copper 
becomes negative to the zinc. Thus contact force aiises. 
This process continues until the P.D., tending to reverse 
this process, reaches a sufficiently high value to stop it» 
The potential varies with the metals that are taken, because 
some metals part with their electrons more easily than 
others. 

In metallic conduction the electrons are looked upon aS' 
moving from atom to atom. Here, however, the theory 
presents difficulties. Kamerlingh Onnes has shown that 
at the temperature of liquid helium (t.e., nearly at absolute 
zero) the specific resistance of some metals is less than 
one hundred thousand millionth part of that at 0®C. Sir 
J. J. Thomson * has pointed out that such a phenomenon 
cannot be satisfactorily explained by an abnormal increase 
in the number of electrons or by variation in their mean 
free path, and that consequently the electron theory 
becomes untenable. He suggests an explanation on the 
theory that the atoms of some substances contain elec- 
trical doublets, or pairs of equal and opposite electrical 
charges at a small distance apart, and that the effect of an 
applied E.M.F. is to form polarised chains of atoms, after 
the manner of Grotthus. Thus we may also explain the 
recently-discovered fact that a metal conductor cannot 
carry more than a certain limiting current — its saturatioii 


♦ Proceedings, Phyaical Society of London, Vol. XXVIl., p. 
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current, where Ohm’s law fails. This stage is reached when 
aearly all the atoms are orientated. 

Passing from contact force and metallic conduction we 
jftme to the cell itself. Here we have an electrolyte in 
iddition to the medals. In a solution where the molecules 
are not ionised each molecule is neutral, because the number 
^ positive and negative electrons are equivalent. But 
when a molecule is ionised, the ions separate, the positive 
ion losing one or more negative electrons (depending on its 
valency) to the negative ion. Electrolytic solution pressure 
may be regarded as the tendency of a metal to send ions 
into solution and at the same time to give up negative 
electrons. Thus, when zinc is immersed in a solution of one 
of its salts, zinc ions tend to pass into solution, but in doing 
so the atoms must give up some negative electrons. They 
cannot give these up to the zinc ions already in solution 
because they would then become neutral— that is, they 
would become zinc molecules and would be deposited. 
Thus the electrons are left behind in the metal and the zinc 
becomes negatively electrified. 

Taking copper as the other plate, the positive ions here 
tend to deposit, and in doing so they must extract negative 
electrons from the copper to render theuLselves neutral. 
Consequently the copper becomes positively charged. The 
metal that loses electrons most easilv becomes charged 
positively. 



CHAPTER VI. 


NON-CHEMICAL CELLS AND THERMOPILES. 

Concentration Cellfl, p. 119. — E.M.F due to contact of Electrolytes, 
p. 120.— Liquid CcHr, p. 122.— Becqucrcl’s (a II, p. 123.— Thermo. 
Couples, p. 124. - Thermo-Electric Power, p. 126,— practical Diflfi. 
cultiee in Thermopiles, p. 128.-— faideher'i Thermopile, p, 129. 

CONCENTRATION CELLS.— Sup jxiso that, in a sinyle 
Coll, we liave both plates of the same metal, and both 
standing in a solution of the salt of that metal, but the 
solution about one plate more concentrated than about the 
other. Sucdi a coll, known as a c'oncentration cell, has an 
RM.F, and will jiroduce a current; hut this RM.F. cannot 
be due to chemical action, liccaiise tin* passage of a current 
necessarily causes a definite amount of the positive plate 
to be dissolved and an equal weight of the same metal 
from the same salt to be deposited. The chemical actions 
are therefore e([ual and opposite, except for such a small 
difference as may be due to the difference in concentration, 
and therefore they cancel. Consequently the cell is, not a 
truly voltaic one, and the RM.F. must be due to energy 
other than chemical. 

The application of the Nernst theory to this Ctise affords 
an explanation. Let F be the electrolytic solution j>rcs- 
sure of the rnetal, and p, p', the osmotic partial pressures 
of the metal ions in the dilute and concentrated solutions 
respectively. The single RM.F. due to the metal and 
dilute solution is, of course, greater than that due to the 
other plate in the concentrated solution, and therefore tho 



120 


PniMART BATTERIES 


foniicr muflt be regarded as electro-positive, the current in 
the cell flowing from the dilute to the concentrated 
solution. ^Consequently, neglecting any E.M.F. at the 
junction of the solutions, the E.M.F. of the cell is given by 


E= 


« 0'0002 


n 



P 


0 0002 ^ , 

»— T log, ft- 


From this it is seen that the E.M.F. is due simply to the 
difference in concentration. At a temperature of 15°C. 

-n 0 0575, p' 

we have E = log, ft - • 

n 

I N /N 

Thus in the cell, silver yt-— silver nitrate solution silver 

nitrate solution/silver, the E.M.F. is given by 


„ 00575, 100 
E = -j-l0.r^ 


= 0057 5 volt, 

if we assume the ionisation to be complete in both 
solutiona 


E.H.F. BUB TO OOETAOT OF BLEOTEOLYTB3. ~We 

have BO far neglected any E.M.F. at the contact of solu- 
tions, witiiout Iiowever proving that we have any right to 
do so. Suppose we have a dilute solution and a concen- 
trated one of the same salt in contact with each other, the 
ions being monovalent. In general, the velocities of the 
two ions will not be the same. Let n be that of the 
cathion and v that of the anion. When a sufficient number 
of coulombs (vi 2 ., 96,500) passes to decompose one gramme 

mokjule of the electrolyte, then -^and represent 
the proportions of this quantity carried by the fiathiAytjp 
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anions respectively. If the current in the cell flows from 

the dilute to the concentrated solution, gramme 

atoms of the cathion move with the current for ever/ 
gramme molecule of the electrolyte deci^m posed, and pass 
from the dilute to the concentnited .solution. At the 

. V 

same time — -- {gramme atoms of the anion are transferred# 
2i-f r ® 

in the opposite direction, as indicated in Fig. 31. Let 
be the osmotic imrtial pressures of the ions in tlie dilute 
and concentrated solutions respectively. These pressures 
are, of course, the same for those anions and cathious 


M 

M 

DlLWTt ! 

CONCENTRAtEO 

i 

U , { 


ff+V ] 

«tv 

OSMOTJC PAHTlAt ' 

OSMOTIC partial 

PRESSURE p i 

PRESSURE p' 


PiQ. 31 « 


which are a.ssociated together in either solution. Tt 

V 

therefore follows that the — cramme atoms of the anion 
pass from a pressure p to the lower pressure p, whereas 


the gramme atoms of the cathion move from the 

pressure p to the higher pressure p'. Consequently, as we 
saw on page 102, the anions are capable of doing work 


to tlie extent of 


V 

u-hv 


RT log?i'. 
P 


On the other hand, work must be doiu upon the cathions 
to the extent of ^ 

J!5-RTlog£. 


fhe energy that is available for doing external work is ilia 
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difference of these two expressions, and the E.M.F. is there- 
fore given Ijy the equation 

90,500 E=*~rvT log 
w+z? p 

or E i 0 0002 — T 

!t+w 

^om this it is seen that the E.^I.F. is zero under two 
conditions: — (1) If the osmotic partial pressure, or the 
coneentnition of the ions, is the same in botli solutions ; 
(2) if tlic migration velocities of the two ions are equal. 
The value of E is negative when il>i\ indicating that the 
current under those conditions flows within the cell from 
the concentrat(‘d to the dilute solution. If the ions liave 
different valencies, n, n' (a being that of the catliion) the 
formula becomes 


E 


00002 


V u 

n' n 

'U -|- V 



For the case of different (dectrolytes in contact the 
expression is still more complii'aled. 

Cells of this kind, in which tlie K.M.F. is due to the 
contact of two electrolytes, are generally termed Liquid 
Cells, although it would seem more reasonable to include 
tliem in the class of Concentration Cells. 

We are now in a position to give a complete expression 
for the E.^I.F. of a concentration cell, such ixs that 
described at the iR'ginning of this chapter. The E.M.F. 
must be the algebraic sum of the E.M.F.S at the plates and 
at the electrolytic junction, and is therefore given by tlie 
equation 

E=“'T(log,/'+’’-~log,o^') volts, 

n \ p p/ 

/ volts. 

This formula assumes the ionisation in the solutions to be 
complete. If this is not complete, but has a value i 
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(whicti is consequently less than unity), the equation 
for E becomes 


E = volts. 

n ni-v p 

Neftist has v<‘i tlu^ truth of this formula. For example, 


/N 

To 


silvgir 


/ 1 • I 

in the cell, silver silver nitrate solution^ 

niti’ate solutioii/silver, the values uf the quantities in- 

y/ 

vulve<l are a = l, a = 52, i*=58, i = 0’0.‘»5, =10. 

Thus at 18^C. 

E= 0 0002 X 2 X 0 !»;:5 x x 221. 

= 0 0r.74 volt. 

The observed value was 0 ()55 volt. 


BEOQUEREL’S cell.— TIu‘. only li<piid cell of interest is 
that known as Becquerers cell. This cousi.sts of an acid 

pt 


H 

I 

a 


Fig. 32.— ReHctiom in Becquerel’s Cell* 

and an alkali, for example, hydrochloric acid and caustic 
potash solution, separated by n iwrous }K)t, a sheet of 
platinum dipping into each solution. Of course, wliere 
the acid and alkali meet in the porous division they 
interact, according to the equation 

HC1+K0H=KC1+H20. 

But such a reaction is not capable of giving electrical 
enei^y. As indicated in Fig. 32, there is no separation of 
ions in the sense required by voltaic action or electrolyBii. 


Porou* 

PtHiUon 


I H : OH : OH 
! Cl I K ! K 
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Kevertlielcss this cell has a considerable' KM.F., about 
()7 volt, although it is only capable of generating a stUall 
current. ^The origin of the E.M.F. has sometimes been 
I’upposcd to be thermo-electric, the source of heat being 
due to the neutralisation of the acid by the alkali at the 
electrolytic junction. The E.M.F. is, however, too large 
to be so explained. 

* Referring to our discussion of lifjuid cells, it is seen that 
at least part of the EM F. in Beciiuercd’s cell is due to the 
unequal luigr.ition velocities of the ions. Rut this will 
only account for ])art of the E.M.F. The remainder is 
prolwibly due to the presence of atmospheric oxygen upon 
the platinum }»late.s. 

Berthelot* states, on experimental evidence, that the 
E.M.F. is equal to the sum of the E.M.F.s due to the 
junctions of the salt with the acid and base respectively. 
In other words, he considers the cell indicated in Fig. 32 
to have a layer of KCl between the HCl and the KOH. 

In the cells which we have just considered, the E.M.F. 
is not due to chemical action. Chemical changes do, of 
course, take i>lace on account of electrolysis, but these 
must bo looked upon as the efi'ect, not as the cause. 
When chemical action is absent, the corresponding tenii 
of the Helmholtz equation vanishes, and it then reduces 
dE 

to E=T^ ; or the E.M.F. is wholly due to Peltier effects, 
*\nd is proportional to the absolute temperature, 

THERMO-COUPLES. — Tn accordance with the observa- 
tions of Volta, no current flows !n a closed metallic circuit 
of which all [jarts are at the same tem}.>erature. There is a 
contact EM.F, at each junction, but these E.M.F.S are in 
equilibrium. Suppose we have two metals, say copper 
and iron. The EM.F. Cu/Fe is equal and opposite to the 
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Fe/Cu at the same temperature, and no current ia 
produced. But if one of these junctions is heated, the 
equilibrium is disturbed, and there is a resullhnt E.M.F. 
This E.M.F., in some cases, increases continuously as tl^e 
difference in temperature of the two junctions is increased; 
but generally the RM.F. is observed to rise to a maximum 
as the temj)erature is increased, after wliich it diminishes 
as the temperature is still further increased, finally k;con!^ 
ing zero, and then changing its sign. This phenomenon is 
known as inrenion. After the tenq)erature of inversion 
has l)ocn reached, the RM.F. increa.scs continuously, no 
higher or se(‘ond temperature of inv<u\sion being as a rule 
reached. Eepresenting the 1C.M.F. by the ordinates of 



Fio. 53.— Curves of Thermo-Electric E.M.F. 


A curve, and temperature-differences by abscissae (the 
temperature of the cold junction being maintained 
constant), this curve is found to he an hyj)erbola, or 
approximately a parabola having the maximum ordinate 
as axis. Such a curve is shown in Fig. 33. 

Here the temperature of the cold junction is Upon 
heating the other junction, the E.M.F. rises gradually 
until it reaches the maximum denoted by AE, when the 
hot jimotion is at a temperature f.. It then falls gradually 
until it becomes zero at a temperature f|, the latter being 
as far removed from as ia removed from At a 
higher temperature the E.M.F. reveraea. The temperatuxa 
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is called tlie nnitral temperature of the two* metals, 
m\d the tcmjxoature of inversion. Tlie curve 
shows tlic^H'sult o])taine(l when the cold junction is kept 
^it a higher temperature t[. Tlui neutral temperature 
remains th(‘ same, the maximum E.M.F. now being 
reduced to AH', hut the temi)erature of inversfon is 
changed from f, to t\. The neutral tem])era.tur(' is always 
the mean between the temperature of the cold junction 
and that of inversion, and is therefore most easily found 
by observing the latter. 

The thei nio-eleetrie. properties of metals are most con- 
veniently repres(*.nted by reference to \fliat are termed 
thermo-electric powers. Th(‘ tliermo-electric })ower of a 
pair of metals is given by the vjiriation of the KM.F. of 
tlie con j lie with tem})eratui-e. It is th(*refm‘c or 

the tangent of the angle of inclination of the tangent to 
the curve just (loiisidered Thus, at tlio tmujieraturc i" 
the corresp'juding taugeiit in Fig. 33 is at F, and dEjdt is 
given hy the value of tan 0, in terms of tlie scales used for 
the co-ordiiial(‘.s. This value varies with the temperature, 
and therefore tluunno-electric power is iiidetinite unless 
the temperature is stated. At the neutral temperature, 
for example, it becomes zero. 

Thermo-ehH'tric powers are found to follow an 
additive law. If {dE|dt)J^^^^ iudiciiites the thermo-electric 
power of tlie two metals, A, 15, tlien we may write 

(rf E/r/Ofic = 

In other words, the thermo-electric power of the couple 
BC is ecpuil to the diflerence of the thermo-electric 
powers of C and B with regard to A. It is therefojre 
only necessary to determine the thermo-electric power 
of metals with reference to some standard metal in order 
to be able to calculate the thermo-electric power of any 
couple among those metals. Lead is generdly taken aa 
the standard metal 
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The curves showing the variation of thermo-elec trie 
power with temperature are generally straight lines, 
variously inclined to the axis, as shown in Fig. 34, in 
which the lines AA and BB may Ik‘ supposed to i*epreseift 
the variation of thermo-electric powei; of tlie metals A 
and *B witli temjxirature. Thus at ti the value for A is 
/jAp while for B it is ^^Bj, so that the thermo-elec tric^ 
power of the coi^)le AB at is Ajl’^. At it is Ai^Bg. 
Where the curves cross, the therimi-electric ]X)wer lx?C(imes 
zero at the temperature which is the neutral temi)era- 
ture ; the point C is culled the neutral point. 



Since the RM.F. for the temperature limits ft, fg, is 
fhdE 

given bf the integral j ^ it follows tliat the area 

Ai Ag Ba Bi ^presents the E.M.F. of the couple AB w heu 
the junctions are at the temi)eraturcs Wlien the hot 
junction reaches the t<‘mix*rature tn, the E. 1 ^ 1 .F. is given by 
the area AiCBj. As the temperature of the hot jiniction 
is still further raised to, say, dEjdt l)ccome 8 negative, 
and then AsCBa has to be subtracted from AjCB^ to 
give the E.M.F., which is therehae diminished. When 
the hot junction reaches the temperature such that 
A 4 CB 4 is equal to AjCBj, the resultant area, and 
therefore the EM.F., is zero, and is tlie temperature 
ii inversion. 
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PEACTIOAL DIPnOULTIES IN THSEMOPILEa— In 

6 the practical, application of thermo-couples many difficulties 
t are encountered. The RM.F. of a single couple is always 
small. For example, that of a bismuth-antimony couple is 
about O'OOOll? vok per degree centigrade, that of a copper 
iron couple is about 0*000016 volt. Consequently a large 
^*umber of couples must be connected up in series in order 
to obtain an E.M.F. of any practical value. Thus if 100 
bismuth-antiTnony coujdes be in series and the junctions 
be maintained with a temperature-difference of lOO^C. 
between them, as indicated in Fig. 35, the E.M.F. is only 
1*17 volts. 


HOT JUNCTIONS 



Fio. 36. 


In the transformation of heat into electrical energy the 
efficiency of a theriuo-couple is limited, for the heat which 
is absorbed at the hot junction is not all capable of 
transformation. The restriction mentioned on page 43 
must be applied, and thus the efficiency cannot exceed 


in which is the temperature of the hot junction 
m the absolute scale and Ta that of the cold junction. 


The question of efficiency in this case, however, is not a 
serious one ; but, unfortunately, the practical conditions are 


conflicting and introduce considerable difficulties. For 
example, an electricjil generator should have as low an 
internal resistance as i) 08 sible ; in other words, the metals 
ahould.be good electrical conductors. But for the economical 
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maintenance of a high difference of temperature betweei 
the junctions, the conductors should he as far po88ibl< 
insulators of heat Good conductors of electricity, how 
ever, are found to l>e also good conductoi*s of luiat, ani 
theri^fore the one condition can only W complied with ai 
the expense of the other. If the conductors are made o 
small section, or long, so as to allow ready radiation, thei 
the disadvantage of high internal n'sistancc is als( 
introduced. 

On account of thc.se various difficulties the actua 
efficiency of a thermopile is hov. The all-round efficiency 
when it is generating a variable or small current ii 
particularly low, because the heat energy is cxj)ended a 
much the same rate whether the pile is on oj>cu circui 
or generating its maximum current. It is in fact eepuva 
lent to a galvanic cell having an enormous amount o 
local action. 

It is also found that the deterioration of a thennn 
pile is often eomimratively rapid, causing complete break 
down in from three to five years. This is due no douk 
to the continual expansion and contraction, and is appa 
rently less marked if the thermopile is kept continuall 
running. 

OTJLOHCB’S THEBMOPXLB.— This thermopile, suppUe 
in three sizes in England by J. J. Grifi^n & Sons, is illm 
trated in Fig. 35a. It consists of two series of thermc 
elements heated by two series of small Bunsen burners. 

The tubes of the hitter are seen at A. The heat of eac 
flame is applied in a small hole of which there are tw 
series, B, corresponding to the burners. These holes ai 
fitted with small projecting tubes (not shown in the figaw 
which protect the upper parts of the elements 0 from 
unnecessary heating. The elements do not extend below 
the tops of the burners, but are supported on the base by 
sheet metal radiators, B, and are al^ kept in contact with 

x2 
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each other by means of screws which bear against the 
t uprights E,*E. Gas and air are supplied at F. 


,The makers give the following particulars : — 


Kumhwof elem«nt8 

2S 

. 50 

... 66 

KM.F.-VolU ... • . ... 

li . 

. 3 

... .4 

Current (when the external is equal to the 

internal resistance)— amperee 

Ihtemal resistance — ohms 

3 

3 

5 

0-25 

.0-50 

... 0*65 

Approximate consumption of gas per 
hour— Cubic feet 

2-6 

. 4-9 

... 6*4 

Price ... .M ... 

£6 78.e>d. 

. £12 

... £14 5a. 



Fig. 35a.— Gulcher’s Thermopile. 


Notwithstanding the convenience of a thermopile of this 
kind, the high price permits the battery to hold its own 
without difficulty. 

Various types, such as Clammond’s thermopile and 
Cox*8 thermopile (which was described in the first edi- 
tion of this work), have made their appearance from 
time to time, but have never secured any marked 
success. 


CHAPTER 7It 


TESTING CELLS. 

Metsuremeat of E.M.F, p. 13I.’-MeMurein«nt of PoUruatlon, p. 135.— 
Mea-iuremetit of I)ei*olari*jitioti, {>. IM.—MeaMuremeut of Intern*! 
IleeieUnce, p. IW.— Me**ureraent of f’urrent, p, l38.—Teiiiog 
Batteriefi of Low Current Capicity, p. 138.— Teeting Batteiie* of 
High Current Ca|>acity, p. 144, Dry Celle, p, 147 

Befoix' [Kissing on to a description of the more pi’omi- 
nont j)rimary hattetics now in use, it will l»e well to 
discuss bi ictly t!ie various measurements which are made 
in testing a cell, so that the i-esults accompanying the 
<l(jscrii)tions of cells in a later part of this volume may 
be nimv readily understood. 

There are five chief electrical (puiutities which requii’e 
to be measured— viz , (1) KM.F., (2) Polarisation, (‘1) 
Dci*olarisation, (4j Internal resistance, (5) Current. 

1. E.M.F.— It is, of course, imjKirtant that a cell should 
liave a liigh E.M.F., liecause the liigher the RM.F, the 
fewer the number of cells l^H|uired to give any desired 
firessui'e. Moreover, other things being wpial, the elec- 
trical energy is genmated more cheaply. The amount of 
material consumed in a cell depends only upon the quoMiiy 
of electricity generated, and is independent of the E.M.F. 
Consequently, if two cells, both consuming materials of 
the same value, have E.M.F.S of one volt and two volts 
respectively, the latter will generate a watt-hour more 
cheaply than the fonner — viz., at half the cost Unfor- 
tunately, cells seldom have an E.M-F. higher than twa 
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volts ; frequently it is much lower. The cause of th*is was 

, referred to on pfige 52. 

[ The EM.F. of a cell does not generally require to be 
measured to a high degree of accuracy, and therefore the 
simplest and most, usual metliod of measurement is by 
means of a direct-reading voltmeter whose resistance is 
^ligh compared with that of the cell. When such is. the 
case, the potential diflerence at the terminals of the volt- 
meter is practically the same as the E.M.F. of the cell. 
To ensure a true result, the resistance must also be so 
large that the E.M.F. is not appreciably diminished by 
polarisation when the voltmeter is in circuit. 

A convenient form of voltmeter for laboratory measure- 
ments consists of a reflecting galvanometer whose deflections 
are proportional to the current — for example, a d’Arsonval 
galvanometer with curved pole pieces. Such an instru- 
ment should be permanently fitted up with a large series 
resistance, so that one volt gives a deflection of a con- 
venient number of divisions, say 100. The resistance may 
be in the form of a plug resistance box, so that the 
sensibility may be readily altered by changing the plugs. 

The well-known compensation method of Poggendorff is 
an excellent one for measuring an E.M.F. by comparison 
with that of a standard cell ; but it is somewhat trouble- 
some, and is capable of giving results which are far more 
accurate than is generally required for this class of work. 
A simpler and less accurate method, but one which is 
* sufficiently accurate for the purpose, is that which depends 
upon comparison by means of a condenser. For this com- 
parison a reflecting galvanometer is required and a con- 
denser, of say, one-third of a microfarad capacity and 
bamng good insulation The condenser is first charged 
by connecting to the standard cell, and immediately 
discharged through the galvanometer. It is then charged 
hf the cell whose E.M.F. is to be determined, and again 
discharged through the galvanometer. In both cases a 
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deCectSon of the galvanometer needle is observed wbich is 
proportional to the charging EM.F., and thus the two 
EM.F.S are in the ratio of the two dedecfions. The 
EM.F. of the standard cell being known, that of the othf^r 
cell is at once deducible. 

2. POLARISATION.— Polarisation is the most serious of 
the electrical defects found in voltaic cells, though th^ 
seriousness of the defect in any given cell depends upon 
the use for which it is inU^nded. Thus, the polarisation in 
a Leclanch^ cell is much greater than in a Grove cell ; but 
it does not follow that the former is useless : since the 
Leclanch^ (of equal siae) is used on circuits where smaller 
currents are required, the comparatively large amount of 
polarisation is of little importance. In carrying out teats 
it therefore becomes necessary to decide what strength of 
current the cell will, under ordinary circumstances, be 
required to furnish, and then to measure the polarisation 
for that particular current. Since polarisation increases* 
until the rate of depolarisation is equal to that of polari- 
sation, it will Ix) preferable to maintain this current until 
a somewhat steady state has been reached, or for as long a 
time as it is likely to be required under working con- 
ditions. 

A simpler and more definite method is to close the cell 
through a resistance of, say, 5 ohms for one hour, and 
then to observe the EM.F. In this way cells are readily 
compared, but the cunents generated are not, of course, 
the same, the current being greater where the polarisation 
is less ; and therefore a cell which polarises but slightly 
is put to a more severe test than one in which that defect 
is more serious. 

The accurate measurement of polarisation is a matter 
of some difficulty, but approximate results may be obtained 
with ease. The EM.F. is first of all observed before the 
cell is placed on circuit. The cell is then closed throng 
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a resistance which may be adjusted until the desire* I 
I current is ^flowing When this current has been main- 
tallied as long as desired, the circuit is broken, after which 
the E.M.F. is immediately observed. The difference 
)»etweeii this E.M,F. aud that initially observed gives the 
value of the polarisation under these particular conditions, 
^'he difficulty encountered is that the KM.F. often 
ri'covers from polarisation very rapidly, especially so just 
after opening the circuit. It is for this reason that the 
observation sliould be nuuie immediately upon breaking 
the circuit. This is most readily effected by using the 
condenser method. 

3. DEPOLARISATION. — In order to observe the recovery 
from polarisation, it is only necessary to take further 
measurements of the polarised KM.F. which has been 
observed as above. These measurements should be taken 
at short intervals after breaking the circuit. The 
(observations may then be plotted as a curve upon sectional 
paper, the KM.F. being represented by ordinates and the 
time from breaking the circuit by abscissse. 

4. INTERNAL RESISTANCE. — It is generally desirable 
that the internal resistance ot a voltaic cell should be low, 
for when that is the case the potential difference on closed 
circuit is more nearly equal to the KM.F., and more of 
the electrical energy is utilised in the external circuit. 

The value of the internal resistance is obtained by 
observing the value of the potential difference upon 
closing the cell through a known resistance. On page 14 
we saw that the following relation holds good, viz. 

E~V r 
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in whiSi r and It ai-e the internal and external ixjsisUuices 
respectively, E is the E.M.F. of the cell, and V is the 
potential difterence. Consequently, if E, V and R are 
known, then r is deducible. • 

This, however, assiniies that E is unchan^^ed by the 
current that is generated. In reality, polarisation is 
certain to set in ; and, although the value of r will satisfy^ 
the above equation, it will not be the true value of the 
internal resistance, l>ecause the E.M.F. will have fallen. 

In order to eliniiimb* polarisation, tfje circuit should be 
closed only just long enough to obtain an olKservation. 
Fig. 36 shows a method which may U* used. R is the 
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external resistance through which the cell R is closed 
upon depre.ssing the key : this key should make good 
contiict, so that 11 is practically the only resistance in 
circuit. If the key is raised the cell charges the 
condenser C, but if i^ depressed the comlenser 
discharges through tht‘ galvanometer G. In making a 
test a deflection corresponding to the EM.F. is first 
observed. The key is then raised, is closed, and 
is immediately depressed : a <leflection on the galvanometer 
i.s observed, and is a laejisure of the p itcntial difference. 

A rough idea of the value of the internal resistance may 
be obtained by connecting up a suitable voltmeter to the 
cell, noting the EM F. and then closing the cell through 
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a. known resistance with the voltmeter still attached. 
The detiection will be seen to fall. As soon as it is 
^ observed, the external circuit is broken and the value of 
fhe polarised E.M.F. is immediately noted. The difference 
between the two last readings will be approximately equal 
to E— V in the formula. 

Unfortunately, E— V is generally small unless E is 
^ small. But if li is made small, the current is large and 
the polarisation is largely increased. This renders the 
difficulties greater. Since the internal resistance is 
directly proportional to E— V, it is readily seen that its 
determination is very liable to be inaccurate unless 
suitable precautions are taken. 

On page 37 a curve wjis reproduced showing the 
apparent variation of internal resistance with the current 
generated by a cell. In an investigation of that kind it 
is necessary that polarisation should be very thoroughly 
eliminated. Consequently, the various operations in the 
condenser method — viz., closing the circuit, charging the 
condenser, discharging through the galvanometer, and 
finally opening the circuit — should all be accomplished by 
some mechanic/al device, so that they are repeated at 
regular intervals of time. In this way the disturbing 
intiuenoes of absorption by the condenser and of polarisa- 
tion may be practictilly eliminated. 

For this purpose Carhart used a pendulum consisting of 
a narrow frame pivoted at the top and carrying a heavy 
bob at the bottom. The details of the apparatus are best 
described in the observer’s own words.* “ The bob swings 
between two curved rails, concentric with the axis of 
8U8|»enBion of the pendulum, and each rail supports two 
keys, which can be clamped on it in any desimd position- 
A vwftical lever on each key holds it closed on the lower 
contact ; but when the j>eiiduluni sweeps over the rails it 

Rw„ Vol. n., p. 392, iti94-5. See a»«> The EUetrieian, 
Vel XXXV., 3, i895, p. la 
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throws* these levers over and allows the spring keys to 
make contnct on the upper point. The contacts are all 
platinum, and the bjise and pillars of the ke^’^i are hard 
rubber. When care is taken to adjust the contactf 
properly, and to keep them free from dust, their 
performance is in every way siitisfactor}V’ 

Fig. 37 “ shows the eoimections fur the measuremonta in 
hand. Keys Kj and are on one rail, while Ka and K®' 
are on the other. Wlieu the lever of is thrown 
forward, while that of > up, the battery circuit is 
closed through the nisistanee of li When the lover Ka is 
thrown over, while that of K 3 is up, the battery is charging 



the condenser C ; but as soon as the lever Ks is thrown 
over, the cell is disconnected from the condenser and the 
latter is insUntly discharged through the galvanometer G. 
The pendulum swings from left to right on removing A 
detent. If all the levers are up, it closes the battery 
circuit on reaching Kp charges the condenser by throwing 
over lever K* discharges it through the galvanometer by 
means of K& and finally opens the battery circuit on 
passing K*. The key levers remain forward out of the 
way of the pendulum bar as it swings Imck to the detent 
The keys can \ye set as close together as desired. The 
length of the pendulum is such that its period is a secomk 
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Hence the time during which the battery circuit remains 
dosed can be calculated. To get the deflection pro- 
portional to the total electromotive force of the cell, the 
j(*v(‘ra Kj and K 4 are both left down. The pendulum 
then charges and discharges the condenser, the circuit 
through It remaining open.” * 

5. GUBRENT. — It is, of course, often necessary in battery 
tests to measure the curnmt generated, but the measure- 
ment of this quantity docs not call for any detailed 
description in this voluim*. A galvanometer shunted by a 
resistance of known value, as described on a later page, 
will be found convenient for dealing with small currents. 
The larger currents are most suitably measured by some 
reliable form of ammeter, such as the Weston instrument. 
It is often desirable to put the ammeter in circuit only 
when a reading is recpiinid ; but the additional resistance 
inserted in the external cinuiit by so doing may consider- 
ably change the value of the current. This difficulty is 
most readily obviated by having a resistance, eciual to 
that of the ammeter, whicJi is cut into the circuit when 
the ammeter is removed and is cut out when a reading is 
required, or by using an ammeter with a shunt. 

TESTING CELLS OP LOW CURRENT CAPACITY.- 

There is a large class of batteries, including Leclanche 
cells and dry cells, which is intended only for the supply 
of small or intermittent currents. Tliey are used chiefly 
on l>ell and telephone circuits. Such cells of necessity 
difler considerably from those that are I’equired to furnish 
heavier currents, and they should therefore be tested 
accordingly. In all cases the tests applied should 
depend upon the use for which the battery is intended. 

As an example of a cell test, some curves (kindly 
lumished by Messrs. Siemens Bros, and Co.) relating to a 
ainall Obach dry cell are reproduced in Fig. 38. The cell 
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was dosed through a resistance of •■> ohms for one 
hour. It will be noticed that the terminal P.l). fell 
from 147 to 1305 volts during that time, giving rise to 
a corresponding fall in the current generated. The value 
of the internal resistance rose very sjightly, as shown 
by fhe next lower curve. The initial value of the 
E.M.F. (judging from the curve of internal resistance) 
was about l oG volfs. On bieaking the ciicuit at 


Mtnu'a 

60 50 4 D 30 20 10 0 



Fig 38 ~Te»t of an Obach Dry (VII, hizo D (5 in. hiph oviTall > 2 in. 
diam ), closed through a KcKi^tanie of 6 Ohms for One Hour. 


the close of one hour the RM.F. was 1*35 yoHs, 
showing that the polarisation amounted to ToG — T35, 
or 0*21 volt. The E.M.F. recovered rapidly from its 
polarised condition, so that it rose to T43 volts at 
the end of a second hour, as shown by the recovery 
curve, which must l>e followed in the reverse direc- 
tion to the other cui ves. 

Such a test gives valuable information as to depolarising 
qualities, but not much else. Its use is therefore some- 
what limited. What is really required is a comparative 
life test, for the life of such cells is the quantity with 
which we are most concerned. Unfortunately, it is 
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impossible to determine the life of a cell of this kind 
f under ordinary working conditions, because the time 
required would be far too long. Some method must 
therefore be adopted which will be to some extent 
equivalent. Intermittent-current tests, in which the^ cell 
is alternately generating current and resting at regular 
tintervals, have been frequently employed. A bell has 
sometimes been used, the circuit being closed at intervals, 
in which case the number of hours the cell is able to ring 
the bell is looked upon as the measure of the life. Hut an 
electric bell is by no means a scientific measuring 
instniment. The length of time that a cell will cause 
ringing depends upon the resistance and adjustment of the 
bell. Consequently a bell is only suitable for making 
comparisons when cells can be worked intermittently upon 
(lie same bell and at the same time, the circuits being so 
arranged that when one cell is working another one is at 
rest The reader should refer to Chapter X. in which 
various tests are described iu connection with dry cells. 
It should also be noted that different tests do not 
necessarily give the same order of merit for a series of 
cells, for some cells will test better intermittently than 
continuously, and vice versa. It is often doubtful 
whether intermittent-current tests give any more 
information than those in which the current is continuous, 
and the latter have the advantage of greater simplicity and 
of giving a result in a shorter time. In a continuous- 
cun’ent test the cell is closed through a constant resistance, 
frequently of 10 ohms, and the time required for the 
current to fall to a certain value — for example, half its 
initial value — is regai'ded as a measure of the life. There 
is, however, an objection to taking half the initial value, 
because this figure is dependent upon the internal resistance 
as well as upon the E.M,F. Thus, if a cell gives at first a 
current of 140 luilliamperes, its life will be finished when 
it falls to 70 milUamperes ; but if one of the same oells 
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has a higher internal resistance, so that it gives initially 
only 120 milliamperes, its life will not be considered 
at an end until the current has fallen to 00 milliamperes. 
Consequently, a defect — viz., high internal resistance — gives* 
the advantage of a lower current limit, |ind therefore the 
chance of a longer life. A low E.M.F. gives the same 
, apparent advantage. The life is also likely to be longer 
because the cell is virtually closed on a higher rc^sistance 
than the cell first mentioned. To overcome this defect to 
some extent, the Author prefers to take as a standard an 
ideal cell having no internal resistance and a detinitfj 
E.M.F. Tims, a Lechaiiche cell should have an EM.F. 
of 1*5 volts, and, if the internal resistance is nil, it should 
give 150 milliamperes when closed through 10 ohms. 
Its life will be terminated when the current falls to 
75 milliamperes, arid actual U*clanchc colls may he 
compared l>y running them until the current fulls to 
75 milliamperes irrespective of the initial value of the 
current. This method has been employed by tlie Author m 
the tests described later m this volume. There still 
remains, liowever, the difliculty that a high internal resist- 
ance gives an advantage, because the cell is virtually on a 
circuit of higher resistance, and will therefore take longer 
to reach the lower current level. It would probably be 
preferable to make the total resistance inclusive ot the 
internal resistance) equal to 10 ohms, if only the internal 
resistance remained a constant quantity when a cuiTent is 
being generated. The adjustment, however, of the external* 
resistance to meet the variations of internal resistance 
during a life test would be troublesome. Without 
troubling to make the adjustment, the api)areat advantage 
of high internal resistance may be eliminated to some 
extent by taking into consideration tlie number of ampere 
hours, or watt hours, furnished by tlie cell daring its life. 

At the end of a life test carried out in this maimer 
the recovery of the EJilF. may be observed for say 
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24 hours, after which the internal resistance should be 
measured and its value compared with that found at the 
beginning of the test. It .should, however, be remarked 
ttiiat recuperation tests carried out at the end of a life test 
are not of much value for comparative purposes. It is 
preferable to make such tests upon new cells as described 
in connection w’itfi Fig. 38. 

In cells of the kind now under consideration, which 
generally include as an electrolyte the aqueous solution of a 
salt, local action is very slight; in fact, it must be so for 
the cell to be of any value for intermittent work. Although 
it is unnecessary to make any (‘tficiency tests, it is never- 
theless well to look out for local action: also for unequal 
corrosion of the zinc, and for the various mechanical delects 
to which this class of cell is liable. 



Fig. 39.— Arrangement of Circuits for Testing. 

If a number of such cells are to be tested, it will be 
found convenient to have a d’ Arson val galvanometer 
arranged for directly indicating the E.M.F., or P.D., or 
current that a cell is generating. Suitable coils of 
10 ohms each may be made in the form of spirals of 
No. 22 gauge platinoid wire. Each coil is attached to 
insulators and the ends taken to terminals A, B (indicated 
in Fig. 39), which servv- tor connecting up the cell E and 
also for putting tin* alvanometer in circuit. Connection 
with the galvanoim UT should be made by moans of brass 
plugs which fit ini n sockets in the terminals. Mercury 
cups may be em]» . ■ for this purpose, but they are in 

many ways objeci k c'e. 



ttMiMi in 

fjje gjilvftBametet may be eaiib»t«i by meeoi of a 
potentiometer and a standard oellt the aetm reeistanoe 
iieing atiyttsfced eo that 1 volt gives a dedection of, wj, 
}00 20U scale divisions. So long as the dedeotioma 

follow a straight line law, they are then leadily expressed 
in volts, the instrument being practically duijct reading, 

, If resistance is disconnected from B or C the galvano* 
meter reading gives the E.M.F. of the cell : as soon as 
the external circuit is c\(md the loading indicates the 
potential difference. Also, since the external resistance is 
10, ohms* the reading of the potential difference gives the 
oiirrent in milliampeies that the cell is generating. 
Boraetimes, however, it may be necessary to employ an 
cxtenial resistance differing from 10 ohms, in which case 
the value of the current is not so simply indicated. It 
may then be desirable to inti*oduce a third terminal C, 
and to place a small resistance of known value between 
A and C. The potential difference which will l)o set up 
between A and G when a current of 100 railliamperes is 
flowing is then calculated, and the resistance in series with 
the galvanometer is adjusted so that this potential 
difffeiance will ^ve a deflection of 100 or 200 divisions. 
■Wheii tlie galvanometer is connected to A and 0 it thus 
bCf^mes a direct-reading indicating miliiantperes. 

In smug a galvanometer Wanted by a resistance in this 
wiy as an apmetar, it is* of coaise,.n£scessary to raw 
ilUt of the galvasioinelm^ t&Mi skmM be 

of the galvanometer Wfll a htU 
in potential difference 'between A and 0* and the 
4 ^ti 0 n wlU indicate a smaller eomat than is aetaeQ/ 

' ^ ' ... ‘';'' 
1 # shows part of a gioap df ten sndi drehits, which: 

. 1 ^ Aether has foend very convenient in teadi^ 

4 the 
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seen the remainder of the exten»al resistances. The plugs 
are shown at I, I, from which flexible cord is connected to 
the ^galvanometer. 



Flo. 40.-~Ap{>iriliM for Twting GoUi. 


fBITlirO OBUiS OF B10E OOBBSKT OAFAOIfT.- 

great difference between tiiis class of cell and that 
|nst considered is that eells of this class- are generally 
it^lSiubd to give a certain onrrent oontinnonslj, and In 
tai^Uiif any cell it is well to bear in mind what 
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current it is designed to generata The circuits upon 
which batteries are placed are usually of more or less 
constant resistance, and in order that the work shall bt 
efficiently performed a battery slioiild he capable of giving 
a pActically constant current within certain limits^ In 
other words, when a cell is closed through a resistance^ 
such as to permit the normal current of the cell to be 
generated, the polaiisation must be but slight ami the 
internal resistance fairly constant A test should there- 
fore be carried out by closing the cell thmugh a suitable 
resistance and taking readings of the current at stated 
intervals. The current may remain reasonably steady for 
a number of hours, but finally it will fall rapidly, and the 
cell is then said to be exhausted. Such a cell may still bo 
capable of generating a smaller current than the normal 
for some time, but for practical puiposiis its life must be 
considered at an end and the cell useless until re-charged. 
The value of the resistance selected for such a test must 
depend, of course, uf)ou the purpose for which the cell is 
intended. 

In carrying out a systematic test, two distinct sources 
of inefficiency must be investigated. The first of these is 
local action, the second is internal resistance. Supposing 
zinc to be the positive plate, we know that for ever)’ 
ampere hour furnished by a cell b2l330 grammes of zinc 
should be dissolved The amount dissolved is really 
always grcSater than this-Hsometimes very much greater— 
on account of local actipm It is therefore generally 
necessary to take the weight of the platetf of a cell before 
and after a life test, in order to see to what extent the loss 
of weight is greater than that required by the number of 
ampere hours furnished by the cell during the test Since 
local action continues whether the cell is generating a 
currant or is on open drenit, it follows that an effidspney 
test carried out in this way will give different leatilhl 
according to the conditions of the test <xniditiCi)« 
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should therefore be, as far as possible, similar to those 
under which the cell would be used in practice. For 
example, if in practice the cell would be left on open 
circuit with the plates standing in the electrolyte during 
considerable intervals, such intervals should be included 
in the efficiency test. 

< Local action is generally objectionable only because it 
shortens the useful life of a cell and thus causes inconve- 
nience. In the case of primary batteries the question of 
cost is usually of less importance than that of convenience, 
such batteries being used for the supply of energy on a very 
small scale. If, however, primary batteries are ever used 
for power purposes, the question of local action will be an 
important one, as being one of the factors which directly 
affect the coat per unit. 



Witn regard to the second cause of inefficiency, it neec 
Bcai’cely be remarked that the internal resistance shouk 
be as low as possible. For a given cell the inefficienc] 
increases with the current, and therefore some value cK 
the current must be selected as normal. Apart Iron 
inefficiency, internal resistance is objectionable because i 
limits the potential diherence available at the terminals o 
a cell. 

The curves in Fig, 41 are a good example of the result 
obtained in testing this class of cell. The test was caiTie< 
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out by A. E. Kennelly upon four Edison-Lalande cells 
coupled in series. It will be noticed that the current is 
remarkably steady, keeping between 2-6 and 3*0 amperes 
for about 95 hours. The fall in E.M.F. is only vei^ 
8lig^^t, and is in a measure compensated by the fall in 
internal resistence. The efficiency, as regards internal 
resistance, is seen to increase considerably at the beginning# 
of the test and to diminish somewhat at the end. This is 
shown by the curve for C*K, which is the amount of 
electrical energy expended at any time in the external 
circuit. A corresponding curve is given for the energy 
dissipated in tlie internal circuit, which energy cannot, of 
course, be utilised. 

It is always well to include a curve showing the watts 
in the external circuit. The current flowing may be large, 
but its practical utility will be small unless the watts in 
the external circuit form a large proporiion of the whole. 
In other wonls, it should be possible to obtain a large 
current without making the external resistance unduly 
small, compared with the internal resistance. The external 
watts are, of course, proportional to the P.D., and the 
internal (or wasted) watts are proportional to the E.M.F. 
minus the P.D. 

DBY OBLLS.*— Special considerations enter into the 
testing of dry cells, and therefore. this part of the subject 
will be considered in detail in Chapter X. 
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ONE-FLUID CELLS. 

Claflsification of Celia, p. 149.— -Smee Cell, p. 149.— Volvo Carbon Cell 
p. 150.— Bichromate Cell, p. 1 52.— Comparison of Depolariscra in 
Bichromate Cells, p. 157. — Chromic Acid, p. 157 — Potaaaium I'er- 
manganate, p. 158.— Advantage of Poroua Pot, p. 159.~ Two. fluid 
Bichromate Celia, p. 101.— Defects in Bichromate Celia, p. 101 — 
Partz Acid Gravity Cell, p. 103.-Benk6 Cell, p. 104.-Sl)ecial Elec 
trolytes for Bichromate Celle, p. 172. — Lalandc (’<*11, p. 173.-— Kditfon* 
Ulande Cell, p. 170. -Walker- Wilkins Cell, p. 182.-Harri<-on (Ml, 
p. 184.— Bellini’a Cell, p. 190 —Silver Chloride Ml p. 192.— Sul- 
phate of Mercury Cell, p. 193.-Leelaneh^ Cells, p. 193.- Porous l>ot 
form of OH, p. i 95.— Agglomerate Block Cell, p. 200.— (’<’ntral Zmo 
Cells, p. 207.— Sack Cells, p. 210.— Comparison of various ty^xjs, 
p 21(3. —Effect of Physical Quality of the Manganeoe Peroxide, p. 
217 -Cells for PosUl Work, p. 224.-PoBt Oftioe SF^dfications, 
p 225. -Details of Leclanch4 Ctdls, p. 231.-8Fcial Exciting Salts, 
p. 232.— Amalgamated Aluminium, p. 234. 

CLASSIFICATION OF CELLS.— In giving a description 
of primary batteries they will be divided into two clns.ses, 
viz., (1) one-duid and (2) two-fluid batteries. Of the former, 
dry batteries form such an important section that they 
will be considered separately ; and for a similar reason 
standard cells will be classed by themselves. 

Batteries are sometimes classified according to the work 
for which they are intended ; but such a clas.sification is 
not very satisfactory, because the work which a cell is 
capable of doing depends not only upon its construction 
but also upon its size. 

Simple Cells, 

THE SMEE CELL.— This cell is practically a “simple 
clement,” in which the difficulty of polarisation is more or 
less eliminated by employing the principle of “physical 
depolarisation,” described in Chapter III. The cell consists 
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of a zinc positive, dilute sulphuric acid, and a negative 
of platinum or other suitable metal, so roughened that 
the deposited hydrogen does not adhere to it. This 
.roughened surface is produced by means of platinising, 
i.e., by electrolytically depositing a slight coating of 
platinum in a very finely divided state Instead of a 
platinum plate, one of platinised silver or copper may be . 
used, but if the latter is employed it should be varnished 
at the edges.* The platinising may be effected either by 
the application of an external PIM.F., or by making the 
plate to be platinised the negative in a voltaic cell, oppos- 
ing it to a zinc rod in dilute sulphuric acid containing 
some platinic chloride, and short-circuiting the cell so 
formed. 

The Smee cell is convenient on account of its simplicity, 
but it does not appear to have come into extended use, 
except perhaps by electro-chemists. This may be due to 
the low value of the E.M.F. which is stated to be 047 
volt 

THE VELVO OAEBON CELL.— The principle of Smee has 
been revived in recent years in the Velvo Carbon cell, in 
which the essential feature is the carbon negative. The 
surface of carbon in its usual state is unsuitable for rapidly 
disengaging the voltaically deposited hydrogen. This 
difficulty is overcome in the Velvo Carbon cell by a new 
process of manufacture. The carbons nre formed from 
Lacombe arc light rods, 9mm. in diameter, with velveteen 
cemented upon them and afterwards carbonised at a high 
teraperaturat This gives a very large surface, from which 
the hydrogen is freely disengaged A number of these 
rods are fixed in a frame, connection being made witli a 
common terminal by .means of a silver wire wedged into 
the carbon rods. The use of silver iu this way appears to 

♦ A. Smee. PhO. Mag., 3rd Seriee., Vol. XVr., p. 313, IBW. 

f Tk* Eketrieian, Vol. XXXIII. p. 664, 1894. 
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give a connection of very low rea^dtjuice, and one that is 
moreover unaffected by the acid electrolyte. 

In Fig. 42 are shown the plates of a 180 amj)crc-hour 
Velvo Carbon cell leaning against the glass containing* 
vessel : one of the zinc ])lates has been •removed so as to 
allow the “ palisade ” of carbons to be seen. The size of 
the zinc plates is 7in. by 9in. ; the frame, which carries 13 
carbons and also the two zinc plates, one on each side, is 
7in. by lOJin. ; and the glass vessel, which is capable of 
accommodating two "palisades" if desired, is Sin. by 4in. 
and Ilia, high, ^ 



Fio. 42.— Velvo Cwbon Cell 


The E.M.F., when the cell is freshly set up, using 
sulphuric acid of specific gravity 1180, is 1*5 volts, but the 
effective E.M.F. is only about 0*8 volt, which corresponds 
with the thermo-chemical data of the reaction involved 
The higher value is probably dne to oxygen occluded in the 
carbon, which rapidly becomes exhausted when the cell is 
called upon to supply a current If siich a cell is short- 
circuited for some hours, the E,M.F, on breaking circuit 
rises rapidly to 0*8 voit^ after which it iwovers very 
slowly. 
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In Fig. 43 is given a discharge-curve obtained by the 
Author upon short-circuiting a Velvo Carbon cell of the 
* size referred to above through a Weston ammeter for eight 
hours. It will be noticed that the current is remarkably 
steady. 

An objection to the cell is that when the plates are taken 
out of the acid to avoid local action on open circuit, 
•crystals of zinc sulphate are liable to form in the porous 
carbon and to cause the velvet covering to flake off. The 
carbons should be ke])t in water when not in use. Another 
objection, and one which is shared by all “ simple cells,” is 
the evolution of hydrogen. 



Fiq. 43.— Discharge of Vel?o Carbon Celt on Short Circuit. 

Unfortunately, the Yelvo Carbon cell appears to be no 
longer (Nov., 1901) upon the market, notwithstanding its 
very good qualities for a certain class, of work. 

Bichromate and Chromic Acid Cells. 

THE BICHROMATE CELL.— This cell, which has been 
largely used for laboratory purposes, has plates of zinc 
and carbon, the electrolyte being a solution of sulphuric 
acid and either a bichromate or chromic acid This acid, 
whether free or in the form of a bichromate, plays tlie 
part of a dcpolariser, the CrO, being reduced by the 
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polarising hydrogen to the lower oxide Cr,0,, cnnslng the 
well known change in colour from orange red to a dark 
blue. The Cr^Oj does not appear as sucli, being converted 
into sulphate by the excess of sulphuric acid. The* 
E.M.F. is about 1-9 to 2 volts. 

ThS electrolyte may be made up according to the follow- 
ing formula, which is given by Ayrton in “Practical 


Electricity ” (4th 

edition) 

- 


Potassium bichro 




mate 

11b. 

lib. 2^028.1 

0'6 kilogramme 

Ooncentrated sul- 




phuric acid ... 

, 21b8. 

1 pint 

1 kilogramme 

Water 

. 121bs. ' 

11 pints • 

6 kilogrammes 


Quantities expressed in pints and in kilogrammes have 
been added to the above, as it is frequently inconvenient 
to measure in lbs. 

It is sometimes stated that the pulverised bichromate 
should first be added to the sulphuric acid, and the water 
then added to the resulting mixture. As good a result, 
however, is obtained if the bichromate is first dissolved in 
the water and the acid added to the resulting solution. 
The latter operation is also simpler, as hot water may be 
used for dissolving the bichromate, and tlie tenq^erature 
reached on adding the acid to this solution, when cold, is 
not high ; whereas the temperature may rise inconveniently 
if water is added to the concentrated acid. It is for this 
rea.son that, in diluting sulphuric acid, the acid should 
always be added to the water, and not the w'atcr to the 
acid. 

When a cell charged according to the above formula, 
fails, it is on account of exhaustion of the acid rather 
than of the bichromate. It may therefore be advisable 
to use more acid, say lbs. instead of 2 lbs., as alx)ve 
stated. 

In Fig. 44 is shown a bottle form of bichromate cell, 
which is convenient for experimental work where only 
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mrnll cells are required. On account of local action, ainca 
, should never be allowed to stand in cells having acid 
electrolytes when not in use. This precaution is par- 
ticularly necessary in the case of bichromate cells, because 
the local action not only means waste of zinc, but^also 
reduction of the depolariser by the liberated hydrogen,, 
land thus a rapid deterioration of the cell In the par- 
ticular form of cell shown in Fig. 44, provision is mad#v 



Fia. 44.— Botils Form of Bichromate OeUi 


for mising the zinc out of the electrolyte when the cell is 
not in use. This is eflfected by attaching the zinc plate, 
which is placed between the two carbon plates, to a 
central rod which can be raised or lowered and clamped 
in any position; 

for more extensive experimental work it is convenient 
to have a battery of, say, half a dozen cells coupled up in 
seties, or with some arrangement for coupling in series or 
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parallefat will Such a battery, made by Tiouvd, ol 
Paris, (and supplied in England by J. J. Griffin and Sons, 
London), is shown in Fig. 46. Each cell contains one zinc 
placed between two carbon plates of the same size, and aH 
the plates can be raised or lowered by means of a winch 
running along the top. Similar batteries working on more or 
less the same principle are supplied by a number of makera 



Pio. 45.— TrouY^ Bichromate Battery. 


If potassium bichromate is used in open batteries of this 
kind care should be taken not to allow the electrolyte to 
evaporate excessively, as crystals of cnronie alum are liable 
to form at the bottom of the jars and are IrouMesoine to 

remove. . ^ . 

Some discharge curves of bichromate cells are given in 
Fig. 46. . The cell from which these were obtained bad 
two carbon plates, one on each side of the zinc ; the width 
of all the plates was 6in. and they were immersed to a 
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Fw. 46. — Disc arge Curves of Bichromate C ells, showing Relative Values of \ arious Depolariaers. 
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depth of about G^in. The resistance of the external circuit 
was half an olim. From these curves it is seen that the t 
bichromate cell is capable of giving a Iteavv current for 
only a short time, after which the current falls ott'rupidl/ 

• • 

COMPARISON OF DEPOLARISBRS. POTASSIUM AND 
SODIUM BICHROMATES. -The dcpolaviser wliich is. 
generally used in bichromate cells is ])c)tassium hichro* 
mate, hut in many respects other suhstanei's are \)referal)le. 
The curves in Fig. 4b are. the result of a rougli compavvsou 
of (lepolarisers carried out by the Autlior. In each case,' 
exce[>t that of jiotassium ponuaiigamih^, which (Ik.'S not 
readily dissolve to the required extent, the quantity of 
dt'polariser in solution was taken so that t)m (txidising 
power was the same. It is seen that liie discharge curve 
funiishetl by potassium bichromate is the shortest, the 
current falling to ()'4 ampere in six hours. A hetlm’ result 
is obtained with sodium bichromate, the curve of which’ 
fell to ()‘4 ampere in 7i{- hoiirs. It appears, moreover, that 
the sodium salt do<‘,s not give rise to alum crystals so 
readily as does the potassium salt, and, being delicpujscent, 
it is much more easily dissolved. Since sodium bichromate 
crystallises with two molecules of waUu' of crystal! isatioiq 
whereas the potassium bichromate is anhydrous, the equiva- 
lent weights of the two salts are practically the same. The 
price is also much the same, and, therefore, the sodium 
salt is to be preferred. 

OHROMIO AOID. — As the oxidising power of a bichro- 
mate is due to the chromic acid, the acid itself may be 
used as tlie depolariser in place of the salt. The curve in 
Fig.' 46 I'elatiiJg to the use of the acid is seen, on tiie 
whole, to be slightly above that of sodium bicromate, the 
current falling to 0*4 ampere in hours. The lower part 
of the curve is superior to that of either of the bichromate 
salts, e,g,, it took over 12 hours for this particular cell to 
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fall below 0 3 ampere. (This point is not includeS in the 
diagram.) Chromic acid not only has the advantage of 
being as good a depolariser as sodium bichromate, or even 
better, but it has the further advantage that it dissolves 
almost instantly, ^ving a solution with a ininiinum of trouble 
and does not give rise to troublesome crystals on evaporation.. 
Since the quantity of chromic acid required is only slightly 
above two-thirds that of potassium or sodium bichromate, 
in order to obtain a solution which is ready for immediate 
use it is only necessary to weigh out, say, 12 ozs. of chromic 
acid, pour 11 pints of water upon it, and then add one pint 
of concentrated sulphuric acid to the solution with constant 
atirring {see formulae, p. 153). In small quantities, the price 
of chromic acid at present (1914) is 9Jd. per lb. ; potassium 
bichromate is Cd. The latter is, therefore, about one-third 
cheaper, but as one* third less of chromic acid is required 
than of i)otassium bichromate, it follows that the cost is 
much the same for either depolariser. Since a reduction 
of 20 per cent, in the amount of chromic acid used docs not 
appear to change the form of the discharge curve to any 
great extent, we may conclude that chromic acid is pre- 
ferable to cither of the bichromates. 

POTASSIUM PERMANOANATB.--The fourth cur\^e in 
Fig. 46 refers to potassium permanganate, of which only 
•bout 70 per cent, of the equivalent (piantity was used on 
•ccouut of the ditliculty experienced in making a more 
concentrated solution. It is noticeable that the KM.F. is 
higher than with other depolarisere (it was found to be 2T 
volte), but the current falls rapidly at first, rendering this 
d6polari.ser unsuitable for heavy currente. Neveitheless, 
complete exhaustion takes place more slowly than with the 
Other dejiolarisers ; the 0*4 ampere limit was reached only 
ifier 13J hours witli this particular cell, and the current 
did not fall below 0*3 ampere for 226 houra The latter 
IHift of the discharge is, however, iclatively unimportant 
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It therefore appears that potassium permanganate is not f 
very satisfactory dopolariser. Apart from the unsuitahlc 
form of the disehari^e-eurve (here is the further ohjeelioii 
that the perman ^4 mate is trouhlesome to dissolve*, and a 
heavf muddy de‘])osit is formed on dise'hurue. 

\V(‘ may tlu'iefore coneludi* tliat of (he four depolarisers 
here* discussed, ihromic acid is the l«*st for all praelieal 
])urposes. 

ADVANTAGE OF POROUS POT.— One of the advantages 
of the hiehro]nat(* cell is that it is a oiie-lluid cell, and 
therefore si!nj)le It is, liowever, sometimes used as a 
twodluid cell hy jdaeini; the zinc in a poron-’ pot. If the 
latter contains some mercury tin* zine ki*eps in a better 
Hiate of au>;d' 4 amation than is otheruiM* [xissihle, and local 
action !*> thcivhy n duced. 

In Fii:, 47 are repioduecMl some curves of dischiirj^ti 
which the autlior obtained fiom tw'o-jluid Idehromate cells 
The C(‘ll used throu;,diout the.se tests consisted of two 
carbon ])lates djin. wi<le, immersed to a dej»th of o.Ura 
lH‘tw’ei‘n winch was plateil a zinc plate of the same wddtfci 
immersed t(» a depth of tin. The cell contained a total of 
about U pints of electrolyte. The external circuit had a 
re.sistaiice of 21 ohms. 

The low’est curve in Fij^. 47 is the dischar;te curve of 
the cell containing no ]ioruus pot, chromic acid solution 
(as described on p. 158; lining the eleclndyti*. If the zinc 
is surroumh'd by a porous pot, the eleclruli/te. remaining 
lyrcmlg the same (viz., cliromic acid solution thronghouty 
the discharge curve is seen to he very much improved. 
Thus the current falls to 0 0 ampere in 41 hours in the 
iirst case, hut reipnres 11 hours to fall to the same value 
in the second case. Consequently, from the ])urely elec- 
trical point of view', a great advantage is gained hy the 
introduction of a [jorou.s pot, i.e., by kcejuug the electrolytic 
pnaUicts at the two plates quite separate from each other. 
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TWO-FLUID BIOHKOlfATE OELLS. — Th0 rBiHiiiinin}, 
curves in Fig. 47 refer to true two-tluid bichromate cells 
It is seen that they are all very similar to the curve 
obtained above with a pnrous pot. For example, thal 
obtained by substilntiiig dilute sulpliurie acid (one volume 
of acid to ten of water) for the chromic acid solution ir 
the porous pot, hut not around the carbon, is very nearl} 
the same as the curve for chromic acid. From this it 
appears that the presence of the dcpolariser in the neigh- 
l)Ourhood of the zinc has no had efVect. 

Tile remaining curve refers to the use of common .sail 
(3oz. to a pint of water) in the porous pot surrounding the 
zinc. The discharge of another cell was observed in 
which zinc sulphate (Ooz. to a pint of water) was used in 
the same way, iait this curve has not been intnnluced intc 
Fig, 47 l)ecause it .so nearly coincides with the curvci 
which refers to the porous pot containing chromic acid 
that it wuubl only serve to confuse the diagram. The 
results obtaiimd with common salt and zinc Hul[(iiate are 
of interest, becau.se tiiey sln.w that the discharge does not 
suffer by the use of a neutral salt, the use of which is 
otherwise beneficial Ijecause it diminishes local action. 

DEFECTS m BICHROMATE CELLS.— Tliere are three 
principal tlefects in the bichromate cell, viz. : (1) Rapid 
fall of current, (2) local action, (d) evaporation and con- 
sequent crystallisation. The last defect may be avoided 
by the nf=e of a closed cell, such as the bottle form These, 
however, are only iinwle in small sizes, and it is therefore 
best to render evaporation harmless by avoiding the use of 
potassium bichromate. The first defect is remedied to a 
cousiderable extent, as has been shown, by introducing a 
^rous pot, and local action is reduced to a minimum 
in the same way because the porous pot may contain 
sufficient mercury to maintain the zinc in a gootl state of 
amalgamation. This method is adopted in Fuller’s cell, 
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the zinc in which is in the form of a lump attached to the 
end of an amalgamated copper rod. The local action 
between the zinc and the amalgamated copjjer is but 
Slight ; and as the mercury has only a short length of zinc 
to creep up, the amalgamation of the latter is well njain- 
tained. This method of mounting the zinc has the further 
advantage that no part of the zinc })rojects above the 
surface of the electrolyte, where, in general, local action is 
excessive. 

In F ig. 48 is shown a similar kind of cell made by 
Mc.ssrs. fSiemeiis. The zinc, however, is longer than that 



PiQ. 48.-~Bichrumftte Cell with Porous Pot 

just referred to. The porous pot should contain an ounce 
of mercury and may be charged with water or very dilute 
sulphuric ucid, enough acid diffusing through the porous 
pot from the depolarising solution in the outer jar to 
sufficiently reduce the internal resistance. The Author 
pi'efers to use zinc sulphate for this purpose. The levels 
of the electrolytes iu the two compartments should 
about the same ; and the porous pot when not in use 
should preferably be kept in water to prevent crystallisation 
in the pores and cousequeut disintegration. 
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PARTZ ACID GRAVITY 0BLL,--Thi8 cell, which is 
shown in Fig. 49, is ingeniously designed .so that the 
diftusion of the acid depolariser from the carbon to the zinc 
is prevented by gravity. The earbon, whose elfective area Js 
inc|-eased by ojKMiings as .shown, is placeii at tin* bottom of 
the cell. It is ct)nn(‘cted to the jxhsitive terminal by a 
carbdii rod, seen on tlie right hand side. A porous |>ot, 
whioli is coated with parallin (Ui the bottom and up th^ 
sides to a height of alamt two inches, re.sbs upon the carbon 
plate. Tile object of the parallin is to pi event iliffusion of 



Fia. 49.— ParU OmvJty Cell. 


the acid solution through the lower part of the porous pot 
which contain.s the zinc. The latter is susjieiided from the 
cover, and is long enough to reach to the top of the [laratfin 
coating. To charge tln^ oelhhoth compartnionts are filled with 
a solution of magnesium .sulphate, or common salt. The 
depolariser is in the form of a “ sulphochromic salt" in 
whicli sulphuric acid is united with chromic acid. The 
tube on the left, which i.s open at the top and tapers down 
to a small opening at the bottom near the carlion plate, is 
filled with thi.s solid, and then inserted in position. A 
layer of depolarising .solution thu.s forms over the surface 
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of the carbon by difl'uaion, and so remains if the cell *s not 
liaiulled. This cell j?ives an EM.F. of 1*9 to 2 volts, and 
appeal’s to have <,nven satisfaction in America. It is stated 
tiiat tin* Phihnlel]>hia Electrical Ihireaii used about 125 cells, 
of the Partz type for lour years without a single failure, 
and at the end of that time the original zincs were still 
^being used and were in good condition. A set of 62 cells 
that gave l.‘U volts and 2‘.‘> ani])eivs when tirst set up gave 
120 volts and 15 ani])eres at the end of the four years.'*' 

THE BENRO CELL.— One of the chief difficulties in using 
piiniarv cells for lieavy cuiTcnts is that the de])olarisation 
IS not aillicienlly good. Polarisation in itself would not 
be so bad if only it would remain con.stant, but it generally 
becomes greater and greater as time goes on during dis- 
charge. An Hungarian engineer, Stephan Beuko, elimi- 
na'cd this difficulty by removing the layer of electrolyte 
on the positive ])late (electro-negative elemejit) as fast as 
IKilarisation sets in, so that the E.M.F. remains constant for 
a given current. 

The method adopted by Benkb is to use a carbon electrode 
sufficiently porous to allow the electrolyte to flow through 
it, thus continually providing a {re.^h supply to the surface 
that is tending to |x>larise. This will be understood by 
referring to the diagram, Fig. 50. Here the carbon is shown 
at C, and tins is best dc'cribed at a flattened cylinder open 
at both ends. The hard surface of this carbon, as received 
from the carbon makers, is removed by scratch-bnishing 
so as to leave it easily porous. The carbon is then provided 
with a lead cap, Lj, at the bottom, and a lead ring, Lg, at 
the top, thus providmg a vessel open only at the top. To 
obtain perfect contact between the carbon and the lead, the 
latter k put on under pressure by the simple expedient of 
bolding the carbon in a suitable iron holder and dipping it 


• ITertcfni Eltctrkiati, Vul. XXVI , f, 92, Feb, 10, ItOX 
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to a (fepth of 2 metres in a bath of molten lead. A lead 
shell, Lj, of sheet lead 1 mm. to IJ mm. in thickness is then 
fitted round the carbon, leaving a small space between the 
carbon and the shell, and is jointed autogenously to the le%l 
cap at the bottom and the lead ring at the top, so as to form 
a Camber all round the carbon, ^^e thus have two 
chambers, one inside the carbon and one outside. The 



Plan 

(Soc&ion) 

Fio. 60 —Diagram of B«oko Cell. 


outer chamber is provided with a lube, Tj ; and a second 
tube, Tg, is fitted to the lead base and is carried through to 
the inner chamber. This latter tube is carried up and bent 
over, and there is a .small hole, H, at the top of the bend 
Finally a copper plate D corresponding with the lead ring 
is soldered on to the lead, and forms one terminal, A, of the 
ceU.% (In later designs this copi)er plate has been abaii' 
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doned, the terminal being jointed direct to the leaS ring.) 
The zinc Z is inserted into the inner chamber, and carries 
the second terminal B. When in action the electrolyte is 
delivered by the lead tube Tj into the outer chamber, 
whence it percolates through the carbon to the zinc ; it 
then flows off through the lead tube Tg, the form of which 
maintains the level constant within the carbon. As there 
is a hole at II, siphoning does not occur, though this may be 
made to take place in cells so constructed by closing the hole 
with a finger for a few minutes. This is often convenient 
when it is desired to empty the cell. It will be noticed that 
the current is carried away from the carbon at both top ajid 
lx>ttom, and owing to this form of construction, and to the 
excellent contact between the carbon and the lead, very 
much heavier currents can be taken than is possible with the 
usual form ol joint, 

A working drawing of an actual cell is reproduced in 
Fig. 51, in which the lettering of Fig. 50 is retained as far as 
^wssible. It will be noticed that the space provided 
between the carbon and the lead shell is very small, onl} 
J mm. The lead, how'cvcr, gives somewhat under the pres- 
vSure of the electrolyte, and for that reason it is supjK)rted 
by a wood casing (not shown). The zinc plate is carried in 
an ebonite frame, F. The tubes T.^ are provided with 
unions and rubber washers, Wj, Wg, for cou})ling to othei 
tubes as may be found necessary. (The tube Tg is not 
shown carried up.) Larger cells are made by fitting two 
or more carbons into one shell. 

In the case of a battery, the electrolyte is contained in a 
lead-lined tank, from which it flows (due to its own heiul) 
into a common supply pipe, from which each of the cells 
is supplied, the junctions bemg by elionite unions and rubber 
washers, as already describetl. SimiUrlv, the waste from 
each cell is carried into a commen waste pipe from which 
an inverted U pipe is taken to ma ntain the leve in the cells. 
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Although the individual cell« are not eonnected with each 
other iiietallically, they are connected by the elect rt)l\ie, 
and therefore local curreutR mast flow. The-se, however, 
do not seem to be serious in a battery giving, say, 10 voltai* 
\^ith this arrangement the Author has found that, for a 




FIm 

Fio. 61,— Single Benkd Cell (SUndard Type). * 


given flow of electrolyte, an extremely constant current 
can be maintained up to a certain limit. This limit depends 
largely, of course, upon the composition of the electrolyte. 
Various electrolytes may be used, and in the case of bichro- 
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mate solutions Benko recommends the following formulae, 
the equivalents being given also in English measure ; 


Wfttar 

iSodium bichromak' 

Sulphuric acid (concentrated), 
«p. ar. l'H4 y 


I litre. 

60 granimefl. 

120 c.c. 


35 fluid oz. 
2*1 oz. 

4-2 fluid oz. 


I L. solution. 


Wakr 

1 litre. 1 

35 fluid oz. 

\ 

Sodiuiri bichromatf* 

100 grammes 

3-5 oz. 

|P. solution, 

Siiljflmric acid (concentrated), 
sp. gr. 1*H4 

150C.C. 

5-25 fluid oz. 


Potassium bichromate should not be used, as it tends to 
de{K)8it double sulphate crystals when decomposed, and 
these block up the }X)res of the carbon. The E.M.F. with 
these solutions is 2 0 volts, rising sometimes to 2-05 volts. 

The ma.xirnum currents obtainable contmuously with 
those solutions in terms of the area of the zinc (taking both 
side^ into the measurement) may be taken as 0 amperes 
per square decimetre (50 amperes per square foot) for 
Solution L and 10 ampere.s ]:)er square decimetre (93 amperes 
per square foot), the rate of flow being high. It is not 
desirable to allow the voltage to fall below 1-5 volts per cell, 
and when the flow is re.stricted to | litre per cell i>er hour 
the permissible current falls to a lower value than these 
figures. Ijocal action is less than in the ordinary types 
of acid cell on standing because the amount of electrolyte 
in the cell at any one time is comparatively small. 

In order to show the capabilities of the Benko and 
ordinary bichromate cells (without jwroas pot), the curves 
in Figs. 5^ and 53, obtained by the Author,* are given. 
Fig. 52 shows the record taken by a recording ammeter 
of the disdiarge of a Benko cell along with plotted curv'es of 
terminal pressure and terminal watts. The weight of the 
cell, including casing, electrolyte and zinc, was about 10 Ib,, 

•“The Benko Primary Battery and Its Applications,’* by W. R. 
Cooper, /onfiiol, Inst, EL Eng., VoL XLVI,, p. 741, 1911. 
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and of the size shown in Fig. 51. It is seen that a remark- 
auly constant current of over 12 ani|)ere« was taken from 
the cell for six horn's, and the current was then increased 
to over 17 ainperea for about two liours. The latter part ^ 
of the diachirge took a little time to iH'corae steady, due, 
no doubt, to the additional healing of the cell. 



The bichromate cell used for comparison held 5 pints of 
the same eliKdrolyle, and had one zinc plate and two 
carbons ; all three plates were <5} in. wide, and w^ere im- 
mersed to a depth of 7J in. It should be noted that the 



Fiu. 53.— Discharge Curves of .’i-pmt Bichromate Cell, on same 
circuit as in Fig. 52. 


area of the zinc was more than double that of the Benko 
cell, and the carbon surface also much greater (though a 
little less in proportion ). Yet when this cell was switched 
on to the same circuit as that which carried 12 amperes in 
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the test juHt referred to, the current, which rose momen- 
tarily to 9 G amperes, fell quickly below 8 amperes, and 
continued to fall, as shown in Fig. 53. The P.D. and watts 
i-also fell rapidly. Even when a circuit of a higher resistance 
was used, giving mi initial current of 6 amperes, the current 
fell off after a couple of hours. It is this characteristic 
which is so annojung to users of ordinary primary batteries,, 
but which is so completely eliminated by the Benkci cell. 



Fio. W.— Heavy Current Test on Constant Resistance. Tnltia, 
current, 83 amperes. Solution " P.* 

« 

The test shown in Fig. 54 was made with a similar single 
cell, using the stronger solution P at a head {between the 
bottom of the tank and the top of the overflow tube) of 
45} in., which gave a flow of about 1-9 litres per hour. In 
this teat the external resistance was maintained constant, 
and the fall of current was observed for 15 minutes. The 
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current might have been maintained longer, but the cell 
became very hot with such heavy discharges. Notwith- 
etanding the severity of this test, the P.D, was maintamed 
at al>out 0-55 volt. The current, after the initial drop, rose * 
(doiiUless due to the heating) to al)out 5,5 amperes, and the 
watts in the external circuit were alH>ut 30. For the size 
i)f cell this is a remarkable achievement. 

Short-circuit test.s with the L solutkm showed momen- 
tary currents (d 100 amperes at a terminal voltage of 0-5 to 
()•() volt, the current falling to (SO am|>eres at the end of five 
seconds. With the stronger P solution, momentarv cur- 
rents of 2tH) ampere^s were taken at a terminal presHiire of 
0-5 to 0-55 volt. It follows, therefore, that the internal 
resistance Is well below (t-Ol ohm, an extremely low figure. 
This result is no doubt due largely to the excellent contact 
between the lead shell and the carlMin. 

Another type of Beiikb cell has been developed, in which 
the electrolyte is no longer supplied under pressure, but 
passes through the carbon by di If its ion.* The electrolyte, 
which in these cells may be made very concentrated, is run 
into the outer compartment, and plain water is run into the 
inner, or zinc, compartment. In a few moments tlie cell is 
ready for work. The great advantage of this type of cell 
is that the solution round the zinc is alw^ays only very slightly 
acid, and therefore local action is avoided ; the zinc is 
dissolved away evenly when the cell is in use, and the 
dtpilaiiser is very thoroughly reduced. The efficiency, 
therefore, Is high. An ampere hour efficiency in the neigh- 
bourhood of tK) per cent, is claimed for the zincf which is 
much higher than for ordinary type.s of acid cell. 

Supposing the level in the two comiiartments is the same 
initially, the specific gravity in the outer compartment may 
be, say, 1*3, compared with 10 (water) in the inner com- 
partment. Consequently diffusion continues until there is 

• “ The Benko Primary Battery,” hy W. K. Ccjoper, Truntactionm, 
Faraday Society, Vol. VII., p. 246, *1912. 
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equilibrium, whether the cell is in action or not. When the 
diffiLsion stops the cell becomes one of the ordinary type, 
polarisation sets in, and the current falls rapidly. 

Obviously a cell of this kind cannot be ased to give cur- 
rent continuously like the pressure type ; the use for^which 
it is intended may, perhaps, be described as semi-inter- 
mittent. For example, the Author has found that a cell 
weighing 51b. (including zinc, but excluding electrolyte), 
and having the dimensions G| in. long, 1 1 in. wide and GJ in. 
high, gave a current for eight hours daily as follows (with 
initial F.D. of alwut 1-9 volts) : — 


First (lay 0-25 to 0-24 ami)ere. 

Second 0-25 to 0‘24 „ 

Third Foil to 0-22 „ 

Fourth „ Fell to 0-20 ,, 

Fifth Fell off seriously. 


A current of 0*25 ampere is regarded as normal for this 
size of cell. The electrolyte amounted to about 200 c.c. 
and contained 170 grammes of sodium bichromate and 
250 c.c. <d sulphuric acid per litre. By using a more con- 
centrated electrolyte the E.M.F. can be maintained longer. 

The Benkd cell wa.s placed on the market in Buda-Pest, 
but the Author is not aware whether it is still obtainable. 

SPECIAL ELECTROLYTES FOR USE IN BICHROMATE 
CELLS.— The mixing of acid electrolytes is sometimes a 
matter of inconvenience to the user. To avoid this trouble 
J. J. Eastick & Sons, of London, supply in collapsible tubes 
solid excitant salts which are made ready for use by simply 
dissolving in the proper proportion of water. One of these 
excitants bears the name of “ Chromolyte; ” another is called 
“ Chromic Acid,’' and is stated to contain the necessary 
amount of sulphuric acid. Both the excitants are deli- 
quescent. 

Several patents have been granted for making dry mix- 
tures of chromic acid and sulphuric acid. For example, 
according to patent No, 26,649 of 1909, by W. J. L. Sandy, 
a hard mass is made by mixing 32 oz. of anhydrous sodium 
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bichromate with 18-20 fluid oz. of conceiitiated aulphtiiic 
acid. Again, B. E. R. Nowlanda and H. M. Farkinstn 
(patent No. 11,02() of llKfl)) mix 2(K) grammes of sodium 
bichromate, or the ecpiivalcnt (juantitv of the f>ota8sium 
salt, fVith 125 cubic cm. of sulphuiic acM ; for use, this 
solid is dissolved in water, mixed with a solution 
of about 20 grammes of chloride, or other salt, of stKlium, 
and diluted up to one litre. The use of common salt 
seems to be u.sual in all sucli formula*, and the general 
proportions may evidently be varied rather widely, for 
W. H. Lowe makes a similar claim (patent No. 27, (>34) 
for a mixture of 28 oz. of anhydrous sodium bichromate 
and 18 fluid oz. of sulphuric acid. 
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Cells having Solid and Gaseous Depolarisers. 

THE LALANDE GELL. — In this cell, due to De Lalande 
the electrolyte is a solution of caustic soda, and the 
depolariser is black oxide of copper, either supported upon, 

or i*m bodied with, 
the electro- negative 
plate, (’op per oxide 
readily gives up ita 
oxygen in the pres- 
ence of a reducing 
agent, such as hyd- 
rogen, and the copper so reduced easily takes up oxygen again 
and re-forms the oxide upon heating in the air. Its properties 
therefore render it eminently suitable for a depolariser. 

When the cell is generating a current the zinc forms 
sodium zincate, which is soluble. The chemical reaction 
is represented diagrammatically in Fig. 55. 

In one of the eady forms of Lalande cell, the containing 
vessel was of iron and acted as the negative plate, a layer 
of copper oxide being spread over the bottom. The 
objection to this method of corrstruction is that only part 


Fiu. 56. — Reaction in the Lalande Cell. 
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of the ncp^ative plate is benehtcd by the depolarising action 
of the copper oxide. In anotlier form the copper oxide was 
contained in an iron vessel which served as the negative 
plate, and was])laced at the bottom of the ordinary glass jar. 

A more recent form of this cell is shown in Fig. ,50. 
The zinc, Z, is a cylindrical sheet, which, in the figure is 
broken away .so as to .show tlie inner cylinder, I), of per-, 
(orated .sheet iron which forms the negative plate. This 
cylinder contains the copper oxitle, and is prevented from 
touching the zinc by cylindrical iirsulators, I I, 



Fio.56.— LftlandeCell 


Thi.s method of using eop})er oxide is not a very good 
one for obtaining electrical contact between the negative 
plate and ‘the dep<»lavi.ser, and therefore the oxide is more 
often used in the form of an agglomerate plate. 8uch a cell, 
made by I)e Ldande, is shown in Fig. 57, in which Z is the 
Kiiic and C the copper oxide agglomemte held against a 
sheet-iron support by springs L, L, as shown in Fig. 58. 
The zinc and iron plates are held together by a rubber 
Imiul K, but arc pi-eventeil from touching by the ebonite 
insulators, I, I. 



We method umd by De Meude in maHni the 
memtes ia «* followi:* « A wet,mixiure of cop{*er 
and 4 to 6 per cent, of clay is submitted to hydraulic pwsuit* 
and baked at a teiui>emture of 600* to 700*0. ; or the ioale i 
may lie mixed with 6 to 8 per cent of tar, and, after mould- 
ing under prt'ssure, placed in a reverberatory furnace. The 
Dxide is in this way reduced, and the whole mass agglome- 
rated. On exposure to the atmosphere the metallic plates 
oxidise again without any change of shapa The plates an 



Flo. 57.~Liknde 0»11 wiib Oopptr Kio. fi8.-»Method of HoanUttg 
Oilde Agglometiu*. Cop)^ Oxid* Agglomwato. 


obtained are very strong and porous, but poorly conducting. 
This defect is mainly of importance when the^oell first 
cpmnienoes working, and to overcome it the agglomerate U 
metallised A layer of powdered zinc is spread over the 
porous plate and the wliole is plunged into slightly acid 
water, local action is set up, the zinc dissolves, and the 
mifaee of the oxide is reduced ; but as it wo uld re-oxidise 

* n* JMrMm vot. iswi itwtt th# jyiiefit at ii 

8e«|^ dm Elaetdoiswi. Vui^ TUt, pp. ^ 
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OH drying, an extremely fide film ol copper ia el^ro* 
deposited, a large current density of short duration being 
employed.” 

tS8 BDISOK’f AiLMDB CELL.— In this modification of 
the Lalande cell, which is shown in Fig. 59, the copper 
oxide is used in the form of plates such as those just 
referred to, but they are fixed in position in a slightly 
different way, viz., iii a light copper framework which is 
attached to the cover of the jar, and also forms one of the 
termihals of the cell. Two zinc plates are used, one on 



Fio. 59.~<£di»on>Irfil«iide OIL 


each side of the copper oxide plate ; they are fixed by a 
bolt passing horizontally through the central part of the 
cover which projects upwards for the purpose. The 
sleotrolytCiis a solution of caustic soda, in the proportion 
of one part of soda to three of water by weight. This 
solution is prevented frmn being converted, throui^ i}ie 
^ion of atmospheric carbon di-oxide, into carbonate by 
the use d a layer ^ heavy pu»£ln oil which floats mi lie 

corves showing the results <d a test up^ lomr 
BdiibKtlsdinde cdls in se^ bv A, K. Emmellv. ani idvmi 


in %. 41, the tests Tie 

.Cttwent is seen to be steady for e Urge proportion of lie 
discharge. 

In Fig. 60 is reproduced a discharge curve which the 
Author obtained from a cell supplied •by the General 
Electric Company (London); it is known as Type A, 
having a diameter of 5} in. and a height of 8 iiu, with a 
capacity of 160 ampere-hours. The external resistance 
was a quarter of an ohm. It will be noticed that the 
current rises pretty rapidly when the circuit is first closed, 
owing to the reduction of oxide on the surface of the 


r 
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Flo. 60.~>I>iacbiurge Cum ol Ediiou-Lftltiido CoU, Type Q.througb O^ohtt. 

copper oxide plate, thus reducing the internal resistance* 
The current then becomes steady for a considerable time* 
after which it slowly falls. 

The General Electric Company supply three sUes of this 
ceil, having capacities of 160 (as above), 900 and 600 
ampere-hours ; they are very suitable for experimental work 
or the supply of power on a small scale—for example, to 
electric organs. There b no creej^g of any salt, there is biTt 
silght bca! action, and there is no need for any attenHon* 
Iic^l acGon takes j^ace chiefiy at the surface of the eUo» 
Ireiyte, and is liable to cause the imcs to drop Oli 
belofO they are fuUy dissolved. There also anoears te 
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be a tendency for the zincs to flake off even though 
amalgamated. The only serious disadvantage, however, • 
is the low E.M.P\ of the cell. When freshly set up, the 
E.M.F. may be as high as 1*0 volt or 1*1 volts, but the effec- 
tive value is only about 075 volt. The cell is also rtither 
expensive in first cost and in maintenance. It is not 
necessary, however, to discard the copper oxide plates - 
when reduced by discharge. After soaking for a time 
in water to remove the excess of soda, they mfly be dried 
and re-oxidised by heating to a red heat in air. A large 
gas-burner may be used for this purpose ; but in that 
case the plate should be protected from the direct action 
of the flame by a j)iecc of thin sheet iron, otherwise 
reduction, instead of oxidation, is liable to take place in 
parts. A plate so treated is not likely to be so good as the 
original, and will give but a feeble current to start with 
unless previously reduced on the surface, but will never- 
theless have a serviceable life. The simplest way to reduce ' 
such a plate is to short-circuit the cell for a few minutes. 
There also seems a tendency for the electrolyte eventually 
to crystallise through the earthenware jars. 

Of the General Electric cells, the type Q (150 ampere- 
hours) is intended to discharge up to 1 ampere ; type S 
(300 ampere-hours) up to 2 amperes and type W (GOO ampere- 
hours) up to 4 amperes. Fig. G1 shows discharges of these 
cells on a 1 ohm circuit, the curves being based on data 
kindly furnished by the General Electric Co. It is seen that 
the power in the external ciremt is generally a considei'able 
proportion of the whole (that is, the P.D. does not fall 
unduly), which is important in any cell suppling current 
above what may be described as small {e.g., 01 ampere). 

The Thomas A. Edison Co. have now modified the design 
in their Edison BSCO cell, so that the three plates are sent 
out clamped together. By so doing, the clearance between 
the plates can be reduced to a minimum, thus minimising 
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the internal reaistance and increasing the efficiency and 
capacity ; and the plates are placed in position very easily. 

The plates are separated by porcelain insulators and 
clamped together by an amalgamated steel bolt, as seen in . 
Fig. C)2. The makers state that by this design there is a 
gain of one-third in capacity and one- fifth in efficiency. 
These cells are used largely in the United States for railway 
’track signalling. In this class of work it is desirable that 
the cell should not be much affected by temperature varia- 
tions, nor freeze ; the capacity should l)e large, so as to 
minimise attention, and the voltage should be constant on* 
closed circuit. When a train passes over the section the 
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Hours {upper figures). 

Days (lower figures). 

Fio. ei.—Dischargu Curves of Edison-Lalande 0\l% TyjKJs W, 8 and Q. 
Continuous di'icharge through 1 ohm, external reswtancse. 

Type W 600 amp. hrs. capacity : 151 in.|c 9 in, diameter. 

S:~300 „ .. 131 id./ 5* in. 

„ 0:— 150 „ 8 in. X 51 in. 

cell is short-circuited, and therefore it is desirable to use it 
with a limiting series resistance so as to avoid w^ste. It is 
obviously important that cells so used should not come to 
an end of their life without some warning, and therefore the 
zincs are so proportioned that the lower panels become 
perforated when the cells are nearing the end of their life, 
as seen on the right-hand side of Fig. 62. The cells can 
be left in service until the holes become J in. square. , 
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Instead of running a resistance in series with the cells, 
the cells thenaselves may be so made that their internal 
resistance is sufficiently high to act as a safeguard. This 
is the case with the modified Lalande cell, known as the 
Columbia Track Cell* (made by the National Carhop C!o.), 
in use in the United States. For this purpose the plates 
are more than usuallly separated, the zinc (amalgamated.) 
being in cylindrical form suspended by three short wires, 
as seen in Fig. 63. The other plate lies at the bottom of the 
jar, and is made of a disc of tin plate, to which is riveted 
^ a rubber-covered copper wire to form the positive terminal. 
This plate is covered with flakey copper oxide, which u 



Fig. 62. — Plates of the Edison BSCO Cell. 


poured in after the solution is made up. The caustic soda 
electrolyte is of specific gravity 1*25, and is largely in excess 
of the amount equivalent to the zinc, so that the sodium 
zincate formed by the action of the cell may be held in 
solution. As the zinc oxide becomes reduced to copper the 
red colour of the latter is visible through the glass, and 
affords a convenient indication of the extent to which the 
cell is discharged — a matter of importance in track sig- 
nalling. Since the amount of copper oxide b so propor- 
tioned that it becomes used up before the zinc b all db* 
solved, there b no rbk of unexpected failure if the oxide 

***A Railway TVack Ceil/’ by E L. Marshall. Tr(mMcHomt 
Amerioan E3«otro>oh«mkial Society, VoL XXV., p. 407, lOtl. 
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is kept* under observation. Ihe jars are made of “ beat- 
resisting ” glass, so that they will withstand the heat due 
to dissolving the caustic soda. In the Columbia '' Signal 
Cell” oil is incorporated in the copper oxide plate, an^ 
separates out when the element is plunged into the hot 
caustic soda, so that the addition of oil il unnecessary. 

The “ Neotheim ” cell is another exatnple of the copper 
* oxide type, but it is much more robust in character. In 
t his cell the container is an iwn box, the inside of which is 



Fio. 63.--Colnrabift Track iUi\l ** Neothcrra ” Copper Oxide Oel«, 


coated with copper oxide, thus reverting to the original idea 
of De Lalande. In order to obtain a good coating the back 
and front inner surfaces are dentated, and copper is de- 
posited upon them electrolyticaHy. Specially prepared 
copper oxide is then pasted on these surfaces, and, after 
drying, it is “ formed ” by electrolysis, so as to be 
thorou§^ly porous. The cell is closed by an enamelled iron 
cover, which is fast^ed down by thumb screws. One of 
these servifi as the positive terminal. The zmc is in 
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the form of a plate, and is provided with a brass stem ; 
this screws into the centre terminal seen in Fig. 64, and 
which passes through an ebonite bush in the cover. The 
whole construction is thus very robust. The great advan- 
tage of the cell is that, after exhaustion, the electrohi:^ can 
be emptied out and the copper oxide rejuvenated by heacing 
the container in an oven. In carrying out this operation 
the oven is first brought to the required temperature 
(25()°F.-300°F.), and any residue in the container is washed 
out by means of solution, it being important that water or 
other liquid should not be used for this purpose. As soon 
as this has been done the open container is placed in the 
oven, whore it is left for a time varying from 3 to 6 hours, 
depending on the size of the cell. When the cell has cooled 
down after baking it may be recharged, and is then ready 
for use. The operation is stated to be quite simple, and any 
forai of oven may be used for the purpose, provided the heat 
is not generated by burning gas inside the oven itself. The 
specific gravity of the caustic soda solution, when cold, 
should be 1-241. 

This type of cell has been described by 0. Arendt* as the 
Wedekind cell. 

In making up the electrol}i«, use should be made of 
caustic soda which is ground^ as solution is then lapid. 
Caustic soda in large lumps dissolves but slowly to a strong 
solution, even in boiling water. 

THE WALKER-WILKINS CELL.— This cell may be 
referred to here on account of its similarity to the Lalande 
cell in the use of caustic soda in the electrolyte, the copper 
oxide, however, being absent. The cell is of interest 
(although apparently it is no longer on the market), owing 
to the use of gaseous depolarisation, atmospheric oxygen 
being relied upon for this purpose. Fig. 66 shows an 
« ZtiUchrifi, Vol XXVIL, 27, 1906. 
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elevation and a section of the cell. The zinc, in the fortu 
of a cylinder, or a spiral rod, in a solution of caustic soda, is 
supported in a porous pot, and this is contained in an outer 
perforated jar. Tlie space between the two is occupied by* 
a poi’forated nickel cylinder forming tl]e m^gative plate, 
which is packed on the inner side with powdered, and on 
. the outer with granular, carbon. Tlie caustic soda, after « 
passing through the porous i>ot, permeates through the 
carbon and slowly drains olF into the eartlienware sUnd. 
The depolarising oxygen is suj^posed to be absorbed by the 
au'bon through the outer perforated v'essel. 



Pia. 66.-Walker.Wilitmi OIL 


It was at one time suggested that this cell* should be 
used for the supply of electricity for lighting purposes, ' 
zinc oxide being obtained as a bye-product. But the 
project fell through. For general laboratory work the 
cell is in many ways unsuitable : it is, rather complicated 
it requires attention, because the caustic soda is con- 
tinually draining off and carbonating ; and, lastly, if it is 
allowed to get dry, the porous pots are likely to split. 
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The E.M.F. varies up to about 1*4 volts, but tbeWctive 
E.M.F. is probably less than 1 volt, 

^ THB HABRISON CELL. — The use of lead j)eroxide as a 
depolariser is well known in connection with accumulators, 
but it has never been used to any large extent in primary 
batteries owing to the difficulty of making plates that will 


Hard Laad Oondnctnr. 


Peroxide of Lead. 


V^Q. 66.— Negative Red of Hanrkon OtU 

last This difficulty appears to have been overoome in 
the Harrison cell, which has been introduced in America. 
Bectrolytically prepared lead peroxide, subjected to a 
iK^rec process, is compressed round a central conductor 
of hard lead which* has been previously treated in a wty 
llmt prevents sulphatiug when in nse. The section of such 
I rod is shown in Fig, 



ONB-FLUW CELLS. 


185 


As the eleetrolyte is <|ilute sulphuric acid it is necessary 
to have the sine alwaj^ well amalgamated in ordsr to 
avoid local action, Tiie way in wliich this is effected is ol 
some interest The zinc is cast in the form of a cup and is 
attq^ched to an amalgamated wire formiijg the terminal, aa 
shown in Fig. 67. Into this cup, and round the copper 
wire, enough melted zinc amalgam is poured to completely 



fill it Since this amalgam is solid when cold there is 
no free mercury to give trouble by loss in transit. Nd 
further amalgamation is necessary. When the zinc 
is placed in the acid, local action will, of course, take 
place on the surface of the uuamalgamated zinc ; arid 
since zinc amalgam is slightly electro-positive to pure zinc, 
local action will also take place on the surface of tte 
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anmlgam. This latter local action, however, liberates 
mercury, which spreads over the whole of the unamal- 
gamated surface until the amalgamation is complete and 
the local action is 8to]>ped. The placing of the amalgam 
in a cup in this w^y at the top of the zinc is an imporf.ant 
feature, as it prevents tlie gravitational separation of 
f mercury, which generally causes the amalgamation 
vertical zinc plates to be so iueflective. 



Fig, 68.— Harridon Cell, No. 1. 


This form of zinc is intermediate between a plate of 
zinc amalgamated on the surface and a plate of zinc 
amalgam, with mercury throughout. Amalgamation oii 
the surface is v^ry eft'ective when fresh, but the protective 
action diminishes as solution takes place and as impurities 
collect in the mercury. With a plate of amalgam, on the 
other hand, the amount of mercury on the surface increases 
as solution continues, and therefore the amalgamation 
remains effective ; but such plates are more brittle than 
those of zinc and are more expensive. 




OKE-Fimv CELLS, 


187 


If impure sulphuric ncid is used, local action is still 
liable to occur, notwithstanding the amalgamation, owing 
to the deposition of less electro-positive ’•metals by the 
zinc. In the case of metals which readily amalgamate, 
such •as copper, no harm n suits; but if such metals as 
iron, arsenic and selenium arc deposited on the zinc, 
•they do not amalgamate, and local couples are therefore 
formed. This state of tilings is easily remedied, after 



Fia. 69. » Harri«ou Cell. No. 3. 


complete deposition has taken placo-, by scrubbing the 
impurities off the surface in running water, A solution of 
bisulphate of potash or soda gives almost as good a result 
as sulphuric acid. 

Fig. 68 is an illustration of the smaller size of Harrison 
cell, in which the cylinders, of peroxide and of zinc are 
placed side by side. This cell is intended to supply only 
somll currents. In the large cells the arrangement shown 
in Fig. 69 is adopted. Granulated zinc, placed on a copper 



Fw 70.— lie*d Pemxide Plat*. 


lateral walls, and supported by a central rod passing 
through thg cover of the cell and forming the positive 
terminal. This is shown in Fig. 70. 

One great advantage of the Harrison cell is its high 
viz., 2*5 to 2*7 volts. 

In Fig. 71 are reproduced curves obtained by J. D. 
Barling^ in testing two No. 1 cells in comparison with two 
BaI*ammoniac cells containing manganese peroxide and two 
* /mtmd of fcb« FnuiliUii Inttituto. Vcd. 148; pp. 6845, 1390. 
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plain carbon cells without a depolariser. Half the cells 
were left on open circuit, each of the remaining cells being 
placed on a circuit of 8 ohms. These circuits were 
alternately opened and closed for five minutes during 
twelve days of ei^ht hours each. Initially the E.M.f . of 
each cell was as follows Harrison cells 2*5 volts^; sal- 
• ammoniac cells (depolarising) 1*5 volts; plain carbon cells^ 
1*4 volts. At the etid of the tests the “KM.F. on closed 
circuit” (by which VD. is probably intended) was as 
follows : Harrison cell 1*8 volts ; sal-ammoniac cell 
(depolarising) ()'8 volt; plain carbon cell 0-2 volt 
Nothing is stated as to the size of the sal-ammoniac cells. 
Considering the small size of the Harrison No. 1 cell, viz., 
6in. high over all by 3in. square, the result appears to be 
fnirly satisfactory, though probably not so good as that 
obtainable from an Edison-Lalande cell. The Author Ls 
not aware whether the cell is still on the market. 

BELLINI'S 0ELL.~R. liellini* has pointed out the 
desirability of avoiding any possibility of depositing ions of 
the electro -positive metal on the electro-negative element, 
where a single electrolyte is used. For example, in the 
case of the simple cell, consisting of platinum and zinc in 
dilute sulphuric acid, zinc tends to be deposited on the 
platinum as zinc sulphate forms in solution, and thus leads 
to increasing polarisation. In order to avoid this difiiculty 
Bellini u.ses a metal for the electro-positive plate which 
forms an insoluble salt. Lead in sulphuric acid is there- 
fore selected. If plain lead is used it becomes coated with 
sulphate, jind the internal resistance becomes too high for 
useful work. To overcome this difficulty the lead is amal- 
gwnated, in the proportion of one part of mercury to nine 
of lead. The amalgamation is effected by melting the lead, 
adding the mercurV to the molten metal when not too hot 

• The EkeleicMn, Vol, LXXIV., p. 800 ; BuUeHn. Soci^td Inter* 
aatloiiftle dee Eleetriciena, Vol. V., p. 36, 1916. 
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and stirring, aft^er which the amalgam is poured into a 
mould of the recpiired form. The other plate of the cell is 
carbon, and the electrolyte is a mixture of sulphuric and 
nitric acids. 

Tht* action of th(‘ cell is interesting, ajid is shown dia- 
grammatically in 72. We may look uj)on the sulphuric 
arid and nitric arid as actinj^ in jmialk'l, but it is im- 
material whether we sup]>ose the lead to be attai'ked by 
the SO^. iormin^ PbSO^ diiecily, or by the NO 3 forming 
Idj(N() 3 l„ bf'cau.se the nitrat(‘, if so formed, will at once 
rcnict with tin' siiljiliuric a<id to foim insoluble sulpliate. 
Thus lead sulphate is formed, and as this does not become 
attached to the amalgamated surface it falls to tin* bottom 
of the cell. At the carbon plate the polaiising ion can 

C 

HNO3 

Ktc. 72. — Kcp’CKontation of IHlini’s (’ell. 

only be }iydrog(“n, and this is remov('d by tin* nitric acid, 
w'hicli acts as a depolariser as usual, (las is thus given off 
at the ('arbon plate, and analysis sliows this to be chiefly 
nitrogen, along with some oxygen, carbonic acid and 
oxides of nitrogen. It becomes clear that it only sulphuric 
acid is used polarisation must be heavy owing to the 
absence of a depolariser; on the other hand, if there is 
only nitric acid, lead nitrate wdll be formed, and, as this is 
soluble, lead will in time find its way to the carbon plate, 
and will cause polarisation The mixture is, therefore, 
essential. The inventor mentions the following as being a 
.satisfactory formula : — 

Part« by volume. 


Sulphuric acid, sp. gr. 1-8 2 

Nitnc acid, sp. gr. 1-3 3 

W'iU‘r 

0 
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The E.M.F. is M to 1-25 volts, and the discharge obtained 
is constant over a number of hours. This is shown by the 
curves in Fig. 73 as given by Bellini. These refer to a cell 
containing 2 G litres (about quarts) of electroh^te, three 
lead amalgam plates wuth a total immeised area of 900 sq. 
cm. U59.J sq. in.) and four carbon plates with a total im- 
mersed area of 1,230 sq. cm. (190.1 sq. in.). The cell, 
therefore, was rather large, and had an internal resistance 
of 0 022 ohm. The curves show two successive discharges 
througli a constant resistance, w ith an interval of 10 hours’ 
rest between them, on a single charge. It is seen that 



Hows. 


Fia. 75. — Oischargo Curves of Btilhni Cell on Constant External 
Rosistanco. 


the current fell from 5 amperes to 4 amperes in a total 
discharge of 25 hours. The local action is stated to be 
small. 


SILVEB CHLORIDE CELL.— This cell, apparently due 
to 0’Sha‘aghnossy, was at one time used as a standard of 
E.M.F. It was also brought into prominence by researches 
on disruptive discharge by De la Rue, whose name it some- 
times beans ; but it is now seldom employed. A dry form, 
however, has been used in recent years in America for 
medical pur^wses. The cell usually consists of zinc and 
silver as electrodes m a solution of either common salt, zino 
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cWonde or ammonium chloride. The silver chloride, which 
is reduced by hydrogen to silver, acts as a depolariser. 
The silver chloride is either placed in the form of powder 
at the lx)ttoni of the cell as a covering to the silver j)late, 
or, preferably, it is fused in the form ot a tod round a silver 
wire which is used as the electrode. The internal resis- 
iance of such colls is not very high when new, but it increases 
rapidly owing to the formation of oxychloride on the zinc. 
This may be remedied by adding a very small quantity of 
hyrdochloric acid. Such cells, however, are generally 
troublesome. The E.M.F. is about 105 volts. 

SULPHATE OF MEECUBY CELL.— This cell, like that 
just describ'd, is used for medical purposes, such as the 
working of small induction coils. The plates are zinc and 
carbon. Acid mercuric sulphate is used as a depolariser. 
This enters sufiiciently into solution to give a suitable 
electrolyte. For medical purposes the carbon is usually 
set in the bottom of a vulcanite case. The mercuric 
sulphate is placed on the carbon along with a little water, 
and the zinc plate is laid on top. The E.M.F. is about 
145 volts. The cells are frequently made two in series, 
the zinc plates automatically making the necessary con- 
nections with platinum wires when put into position. 

Leclanche Cells.' 

THEORY OP LBOLANOHB CELLS.- Most of the cells 
which have so far been considered are provided with effec- 
tive means for depolarisation, and are therefore capable 
of generating heavy currents. We now come to a very 
large class which has sprung from the cell introduced in 
1868 by Leclanche, and which was originally characterised 
by feeble deiwlarising qualities. Its popularity is due to 
its simplicity and to the small attention which it requires. 
These properties are very important in certain classes of 

o2 
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work — for example, on bell and telephone circuits; for 
where only intermittent currents arc required, good depolari- 
sation may become relatively unimportant. Of late years 
the depolarising qualities have been much improved, thus 
permitting heavier currents. 

The Leclanche cell consists essentially of a zinc and a 
carbon plate, the latter being m contact with the depolariser, 
which is manganese peroxide in some suitable form. The 
electrolyte is generally a solution of sal-ammoniac {ammo- 
nium chloride), but other excitants, which are trade secrets 
and are specially made by combining ammonium chloride 
with other salts, are sometimes used. 

The chemical reaction w^hich takes place when a current 
is generated may be represented as shown in Fig. 74. 



Fio. 74. — Voltaic Reaction in the Lcclanchd Cell. 


Zinc chloride is formed on the surface of the zinc, and 
the ammonium radicle passes into contact with the 
manganese peroxide. The ammonium breaks up into free 
ammonia and hydrogen, the latter causing polarisation. 
Since MnOj readily reduces to MugOj, this hydrogen is 
converted into water, and its polarising influence is 
eliminated so long as it is not produced more quickly than 
the reducing action can take place. The free ammonia 
also causes a lowering of the E.M.F., as shown by M. de Kay 
Thompson and E. C. Crocker.* 

The E.M.F. of a Leclanch6 cell is about 1*5 volts, but 
this soon drops when on circuit, so that it is necessary 

• TranMCtions, American Electro - Chemical Society, VoL XX VII., 
p. 165, 1916. 
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to regard the effective E.M.F. as being about 1 volt in 
estimating the number of cells required to furnish a given 
current, unless the current required is ver)^ small. 

TIE POROUS POT FORM OF CELL.— The form of 
Leclaiuh^ cell which is most commonly used is that in 
vsdiich the depolarising manganese peroxide is contained 
in a poroas pot. Such a cell is shown in Fig. 70. The 
carlxm pilate is hxed in the porous pot and is })acke(l round 
with granular |)eroxide, mixed with broken gas carbon to 



Fio. 75 — PorouB Pot form of Leclanch^ Cell. 

increase the conductivity and to make good contact with 
the carlon plate ; at least, this is so in the more ordinary 
types, but in the more recent types the ingredients have 
been of much smaller grain, and in cells made f§r the Post 
Office the manganese peroxide is powdered, as descrilod 
later. The pot is sealed up with a mixture of black wax 
and pitch, into which two small vent tubes are inserted to 
allow the liberated ammonia to escap)e. 

The positive plate consists of a single zinc rod, with a 
copper connecting wire soldered to the top. 
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There are three obvious objections to this form of cell. 
Firstly, the \xse of a porous pot introduces resistance. 
This cannot be very well avoided where fluids have to be 
separated, as in the case of two -fluid cells ; but a Leclanche 
cell contains only one electrolyte, and, therefore, the pdrous 
pot merely serves to keep the solid depolariser in position 
, and is otherwise not essential. Secondly, the use of a* 
single rod of zinc, and likewise the porous pot, must cause 
the internal resistance to be comparatively high. Thirdly, 
the cell is open and is therefore liable to give trouble on 
account of evaporation. 

The electrolyte is made up by dissolving sal-ammoniac 
in the proportion of from 2oz. to 4oz. of the salt to a 
pint of water. If this solution is poured only into the 
outer jar it will diffuse through the porous pot but slowly, 
and therefore the cell will not be ready for use until the 
next day. But if the solution is also poured down the 
vent tubes the cell will be ready in a comparatively short 
time. PoroiLs pots are sometimes made with three or four 
saw-cute at the bottom so as to allow a ready penetration 
of the electrolyte. 

Cells may often be seen with an excess of sal-ammoniac 
crystals at the bottom of the cell, but such a practice is 
objectionable, as it leads to a deposit of crystals on the 
,«no which interferes with the voltaic action. Probably 
the most satisfactory strength of solution for general use 
is made by dissolving 3 oz. of the salt in a pint of water, but 
if a considerable current is desired the solution should be 
saturated. , 

Porous pot cells are made in three sizes — viz., pint, quart 
and 3-pint. Discharge curves obtained by running cells 
of this kind on a 10-ohm circuit are shown in Pig. 76, and 
were supplied to the Author by the India Rubber, Gutta 
Peroha & Telegraph Works Co. (frequently called the Silver- 
town Co.). Curve A refers to a 3-pint cell. It will be seen 


V 




le-pint cell 
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that the current dropped to half its nominal maximum 
possible value — viz., to 75 milliamperes — in 17 days. The 
fall of current is very rapid at first, showing that the cell 
is unsuitable for a continuous discharge of this kind. 

Curve B was obtained from a quart cell, also by the 
Silvertown Company, and curve C refers to a similar pint 
cell. The useful life was days in the former and 4| days 
in the latter. These curves are typical of high-class porous 
pot cells in which the granular size of manganese peroxide 
is used. 

In testing Leclanch4 cells, the useful life is considered 
to be the time required for the current to fall to half its 
nominal maximum possible value ; for example, to 75 milli- 
amperes on a lO-ohm circuit, or when the voltage has fallen 
to half the nominal PhM.F. (i.e., 0-75 volt). The reasons for 
selecting this limit were discussed on page 141. Thus, in 
Fig. 7b, the useful life of each cell is given by those parts of 
the curves which lie above the horizontal dotted line. 

Figs. 77 and 78 are reproduced from curves supplied by 
Messrs. Siemens Brothers & Co., showing the discharge of 
their improved .‘l-pint and quart porous pot Leclanche cells 
compared with the ordinary t}q)e of cell. In this improved 
type powdered manganese peroxide is used on the lines 
specified by the Post Office, as described at the end of the 
present chapter. The manufacture of such cells is more 
expensive and, therefore, the price is appreciably higher, 
but the output is considerably greater. The increased 
output is shown by the curves and by the following figures 
which are deduced from them 


iSizc of cell. 

Size of 
porous 
pots. 

Output 

1 volt. 

in Ampere-hours, 
down to 

0-76 volt. 1 0 5 volt. 

j 

I mproved pattern * 
Omnary pattern ^ 
Improve pattern 
Ordinary pattern ^ 

>’ 3-pint ... 

• Quart ... 

6J'x3' 

6Fx2r 


r 37 0 

1 253 
r 144 
, 12-4 

i 79-0 ‘ 85-4 

29*5 1 33-2 

39-7 i 61*8 

17-6 19-9 
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In these teste ordinary drawn zincs were used and a satu- 
rated solution of sal-ammoniac. The curves also show the 
rise of internal resistance as the discharge proceeds. 



Fig. 77.- 'Disrhargf* Curves of Porous I'ot I»clancM CVlls (If pint size). 
Continuous Discharge through 10 ohms. extoniHl r esistance, 

Sifn.cni Improved Pattern. 

Ordinary Pattern. 



Fio. 78.— Discharge Curves of Porous Pot LecUnche Cells {(juttri ibe). 
Continuous Discharge through 10 ohms, external r'jsistanoe. 

Siwnens Improved Pattern. 

Ordinary Pattern. 
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The curves in Fig, 79, which were obtained by the Author 
several years ago, are of interest as showing the effect of 
rest and discharging, and also as evidence of the improve- 
ment that has taken place since that time. If allowed to 
rest after discharge, a Leclanche cell recovers its E.M.F. 
tairly rapidly at first, and then rises slowly to a value which 
^is somewhat lower than the initial E.M.F. For example, 
the discharge of a 3-pint cell is shown by the curve A and of a 
quart cell by curve B. These cells after discharge were 
allowed to rest, when it was found that the E.M.F. of cell 
A rose to 1-4 volts afier 74 days, and cell B reached 1-42 
volts after 87 days. After a recovery of this kind the cells 
are capable of a further discharge, but it is comparatively 
short, as shown by curves A! and B'^. These curves relate 
to cells made by the Silvertown Co. about 1898, and should 
be compared with the present-day curves in Fig. 76 to 
appreciate the progress that has been made in the interval. 
The discharge of another quart cell by a different maker is 
shown at C. 

When exhausted, a Ijeclanche cell may be recharged 
with fresh solution, but the E.M.F. is not so high as that 
of a new cell, and the useful discharge is always very 
much less. Such a discharge is shown in curve C', which 
was obtained by recharging cell C after the current in the 
first discharge had fallen to 55 milliamperes. It will be 
noticed that the current fell to 75 milliamperes in about 
one-fifth of a day, and therefore the useful life by such a 
recharge is comparatively small. It becomes necessary to 
renew the porous pot if a good result is desired ; the zinc 
also is of comparatively little use after a cell has been run 
down, as it generally becomes rotten. 

THE AaOLOMEBATE BLOCK OELL.~The first defect 
mentioned above is overcome to some extent in the agglo- 
merate block cell in which the porous pot is absent. This 
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th« Porviu Pot form I<ecUu>che C«i2, duchftt^ed tbroo|^ 10 oluas (1^^). 
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is effected by making the mixture of carbon and peroxide 
into agglomerate blocks with some binding material, such 
as resin or a little shellac, and left unbaked. These blocks 
are placed one on each side of the carbon plate, and are 
held in jwsition by strong rubber bands. The arrangement 
is clearly shown in Figs. 81 and 82. Le Carbone, in some of 
their cells, have used bolts instead of rubber bands lor 
holding the various pails together, the heads of the bolts 



Fig. 80. — Agglomerate Block Cell. 


taking the^ place of the insulator which usually carries the 
zinc. Some makers replace this insulator by a small loose 
porous pot, in which is placed the zinc rod. 

In the form of cell shown in Fig. 80, the zinc rod is 
placed in a porcelain insulator, the zinc, insulator and 
blocks being all held in position by the rubber bands. 
But if the cell is closed by a lid to prevent evaporation^ 
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the insulator may be omitted, as seen in Fig. 81, which 
represents a cell made by Leclanche et Cie. ; the zinc rod 
in this case is held in position sufficiently by the lid through 
which it passes. 

In* Fig. 82 are reproduced curves supplied to the Author 
by the Silvertowa Company and obtained by discharging 
Agglomerate block cells througli a resistance of 10 ohms. 
Curve A refers to a 3-pint cell, and curve B to a quarts cell, 
both made by the Silvcrtown Company. A comparison 
betw’ecn these curves and those in Fig. 70 show that, as far 



FiO. 81 —Method of Fixing Agglomerate Blotkf. 


as life goes, the agglomerate block cell is inferior to the 
porous ])ot form of cell. For example, the 3-pint agglo- 
merate gave a life of lOj days, as compared with 17 days 
for the porous ])ot cell. In the case of the quart size, the 
life was five days for the agglomerate, as compared with 
^ days for the porous pot cell. It may be vaid that in 
recent years there has been greater progress in the porous 
pot form than in the agglomerate. On the other hand, the 
latter type is less liable to deterioration by clogging and risk 
of breaking, and perhaps more uniform. 

Another form of agglomerate block cell, known as the 
Aylmer-Leclanche cell, made by Leclanche et Cie., is 
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shown in Figs. 83 and 84. It is intended for a higher 
rate of discharge, and to this end the internal circuit 
is much improved by having, in place of a zinc rod, a 
cylinder of zinc surrounding the agglomerate blocks. A semi* 
cylindrical block is placed on each side of- the carbon plate 
and is held in position by three rubber bands as indicated 
in Fig. 84, in which the zinc is shown cut away so that the 
arrangement of the blocks may be more clearly seen. The 
distance between the agglomerate blocks and the zinc is 




Fig. 83. 

Aylmor-LeclancW Cell. 


Fio. 84. 

CcDstniction of the Aylmer. 
Leclanch^ Cell. 


but little more than the thickness of the rubber bands. 
Consequently the internal resistance is a good deal smaller 
than that of the cells just described, being about 0-2 ohm 
for a cell lOin. high and 5in. diameter. , 

Fig. 85 shows a similar cell having an ebonite jar which 
is closed in at the top, and is therefore convenient for 
portable purposes. 

In Fig. 82 curve C shows the discharge obtained from 
an Aylmer-Leclanch6 cell on a 10*ohm circuit. The useful 
life in this case was about 7 4 days. A similar type of cell 


200 


PRIMARY BATTERIES. 


is made by the Silvertown Company and Siemens Brothers 
k Co., and is known as the 6-Block Agglomerate Cell. It 
consists of six agglomerate cylinders which fit against a 
central fluted carbon rod, as shown in Fig. 80, They are 
wrapped round with coarse canvas, C, and are turthet held 
in position by rubber bands, It, which also serve to separate 
the agglomerate blocks suHiciently from the cylindrical 
zinc plate. Curve C in Fig 82 was obtained by discharging 
a 3-pint cell of this kind on a 10-ohm circuit. The result 



Fia. 86. Fi<: 86. Fio. 87. 


Sealed pattern of Six-Block Ajfglomerate Lc Carbone “ Star” 
Ayliner-Lecblaocho Cell (Silvertown Company). Agglomerate Block. 

CeU. 

is seen to be very satisfactory, a useful life of 18 days 
having been obtained. In F'^ig. 97 is given the discharge 
curve of a similar cell by Siemens Brothers & Co. Here the 
life was 23 days. A curve is also given showing the varia- 
tion of the internal resistance in this case, from which 
it is seen that the resistance at first rises steadily and then 
remains constant. 

Le Carbone have also used a form of agglomerate con- 
sisting of a carbon box holding the mixture of carbon and 
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peroxide, the top and bottom of the box being closed with a 
bituminous seal. This type of construction is illustrated 
in Fig. 87. It would seem to be a disadvantage (at least 
theoretically) that the outside of such a box cannot act as 
an electrode, owing to its polarised condition ; it is neces- 
sary for the current to ])aH.s to the iirside of the box before 
dopolaiisation can take |)laco. 

CENTRAL ZINC CELLS.- The best known example of 
this class of cell is tlie Leclanche-Baibier, which is made 






Fig. 88.— Leclanch^Baxbior 

on. 


Fig. 89.-— 8<*ction of Leclanob4> 
Biirbier Cell. 


by Leclanch^ et Cie., and was designed particularly to 
eliminate evaporation. A general view^ of the «hown 
in Fig. 88 and a section in Fig. 89. There is no carbon 
plate, its place being taken by a hollow cylindrical agglo- 
merate, C, of plumbago and peroxide, round the top o’ 
which is cast a metal ring, E (Fig. 89). This ring carries 
the terminal F and rests on the top of the jar, a rubber 
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2H'm« in Days. 

Fio. 90- — Discharge Curves of Leclauch^-Barbier Cells, discharged through 10 ohms. 
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washer, G, being interposed to make an airtight joint. The 
zinc rod is supported by a paraffined wooden stopper, I, 
and carries a rubber band, J, at its lower end to prevent 
accidental contact with the agglomerate. The cell is thus 
completely closed, and evaporation, as also creeping of the 
salt, isentirely prevented. 

/riie agglomerate in 
this coll contains a con- 
siderable proportion of 
graphite as well us per- 
oxide and carbon. In 
order that the depolar- 
isation should be <‘ffec- 
tive, it is necessary that 
it should take place 
throughout the, block 
and not merely at the 
surface. The reipiired 
porosity is obtained by 
adding a small quan- 
tity of 8ul[)hur ; the 
mixture is pressed into 
shape and then baked, 
when the sulphur vola- 
tilises, leaving an agglo- 
merate that is exceed- 
ingly porous. 

Fig. tH) shows two discharge curves which were obtained 
by the Author. Curve A refers to a No. 1 call (3-pint 
size) which was discharged on a 10-ohra circuit. The 
result is very satisfactory, showing a life of 19 days. 
Curve B refers to a No. 2 cell (quart size) which was run 
under the same conditions. In this case the useful life 
was 51 days. On recharging, this cell gave an E.M.F. 
of M7 volts, which slowly rose to a steady value of 
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1-37 volts after about a fortnight. The useful life result- 
ing from this recharge was only 0*7 of a day, as shown by 
curve B'. 

Another form of central zinc cell is the Lacombe cell 
(made by Le Carbone), of which a section is given in 
Fig. 91. It consists of a perforated carbon cylinder, A, with 
a head which carries the terminal 0. Within the carbonus 
a second perforated cylinder, B, of porous porcelain. Both 
cylinders rest upon a glass base, C, and the annular space 
between them is filled with the depolarising mixture. 
The zinc Z is placed within the porcelain cylinder on the 
top of which is a circular insulator, N. 

SACK CELLS. — During recent years there has been a 
considerable development of so-called “ sack ” Leclanche 
cells. These cells are essentially the same 
as the porous pot torm, except that the 
porous pot is replaced by canvas. The con- 
struction of the electro-negative element 
in this form is illustrated in Fig. 92, which 
refers to the “ Carbi cell of Le Carbone, 
one of the earliest makers of this type. 
At the bottom the canvas is bound tightly 
round a wooden base ; at the top the can- 
vas is turned over and is finished of! with 
a bituminous layer round the carbon. 
Fig. 93 shows the construction adopted by 
Messrs, Siemens Brothers & Co. 

The use of canvas in this way appears 
to permit the better utilisation of the 
•• **TOi!dT*b^Le <i®^^ri8er, and results in a lower internal 
Cwbone, resistance (both initially and during dis- 

charge, presumably because there is less 
clog^ng) than is obtainable with a porous pot. Also 
the carbon and peroxide can be used in a finer powder 
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and rammed more tightly round the carbon plate. Con- 
sequently the larger cells of this type are capable of giving 
a comparatively heavy service, and may be used for the 
lighter classes of “ closed circuit ” work. 



Electro-negative element with Electro-negative element ■•tied 

porcelain cover. with compound. 

Fio. 93. — EU cti'o-Negative Elements of Siemens Sack Cells, 



Days. 

FiO. 94.— I>i8charge Curves of G.E.C. Back (“ Gartak *’) Cells. Contimaoiis 
Discharge through 10 ohms external resistance. 


Pint .. ,. 71in.x4in.x4in„ Internal re»istano»*«>0' 12 ohm. 
Quart.. .. 71 in. X 44 in. in. ■•O'lOohm. 

3’Pini- .. 84 in. X 44 in. X 44 in >-008ohm. 

f 
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The General Electric Co. (England) was also early in the 
field in developing a sack cell, known as Ihe “ Carsak.” 
Discharge carves (supplied to the Author by the Genera! 
Electric Co.) of these cells are given in Figs. 1)4 ^nd 05, 
Fig. 04 refers to the three smaller sizes discharged through 
10 ohms. If a resistance of 10 ohms were iLsed for testuig 
the larger sizes, the tests vrould be unduly prolonged ; con- 
sequently Fig. 05 refers to tests on a 5-ohm circuit. 



Fio. 95. — Discharge Curves of O.E.C. Sack (“Carsak”) CJellg Nos. 0 
and 00. Continuous discharge through 5 ohms external resistance. 

No. 0, 2-quart size, 9 m. x 5 in. diam., int. resist , 005 ohm , 

No. 00, 5-pint size, lOJ in x 5 in diam., int. resist., 0t)5 ohm. 


In Figs. 90 and 07 is given a series of curves, which were 
supplied to the Author by Messrs. Siemens Brothers & Co., 
referring to the four sizes of sack cell made by this firm. 
Nos. 1, 2 and 3 sizes of cell are rather smaller than the 
3-pint, quart and pint sizes of the porous pot type, yet it 
is seen on reference to Figs. 77 and 78 that the useful life 
is oonsiderably greater for the sack form. A corresponding 
curve for a 6-block agglomerate cell is also given. 
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Continuous discharge through 10 ohms external resistance except No. 00 (througl 


Amf-eres. 
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The No. 0 cell is a larger cell than the No, 1. The No. 00 
cell is of the same diameter as the No. 0, but is twice the 
height, and is, therefore, cajmble of considerable currents. 
The curve in Fig. 97 shows tlie discharge of a No. 00 through 
5 ohms, from which it is seen that the life is practically the 
same as with a No. 0 through 10 ohms. As a matter of 



Fiq. 98. — Discharge Curves of Siemens No. 0 Sack Coll, 
Continuous discharge through half an ohm external resistance* 


interest the discharge curve of a No. 0 cell through 0 5 ohm 
is shown in Fig. 98, though it should be mentioned that this 
is much too low a resistance on which to use a cell of this 
size. Nevertheless the current did not fall below 1 ampere 
until after 46 hours. 

Another sack cell is that known as the ** Invicta,^ . 
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marketed by the Sterling Telephone Electric Co. In thh 
cell the sack is mounted on a carbon rod which projects 
at the upper end to carry the terminal and also at the lower 
end, so that the sack doe.s not rest on the bottom of the jar. 
The lower end of the carbon is paraffined. Glass beads are 
threaded on the string around the sack, so as to keep the 
latter from touching the cylindrical zinc with which it is 
surrounded. The sides of the glass jar near the bottom are 
indented, giving projections on which the zinc rests, 
so that it does not touch tlie bottom of the jar. 

COMPARISON or TYPES OF LEOLANOHE CELLS. —As 

regards a general comparison, it may be said that if the 
modem porous-pot ty])c is taken as the standard, the 
agglomerate type is distinctly inferior in efficiency, because 
the manginesc peroxide in the agglomerate block cannot 
be thoroughly utilised, though this form of construction 
has certain advantages in other directions. On the other 
hand, the sack form of cell is (considerably more efficient 
than the ]x>rous pot. Roughly, the output in ampere-hours 
for cells by makers of repute may be taken somewhat as 
follows, some makers showing results above these figures 
and some below : ~ 


OiilpiU in AmjM'tc Jnntrs down io 0-75 t'oU. 


— 

Porous pot. 

8ack form 

3-pint' si'/p 

(K) 

110 

Qum't size 

30 

80 

Pint size 

12 

40 


The greater output will be readily seen by reference to the 
curves given above. The sack form has the further advan- 
tage of a considerably lower resistance, something like one- 
eighth of that of the porous-pot type, and, although it i.^ 
more expensive in first cost, the output obtained i 
considerably greater, in proportion, than the cost. 
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EFFECT OF PHY8I0AL QTJALnT OF THE MANOANESE 

FEROXIDB.— Since depolarisation depends upon the re- 
moval of hydrogen by the manganese peroxide, it would be 
expected that tlie offectiveneBs of the peroxide would depend 
to ^ome extent upon the size of the granules. Wherever 
a molecule of hydrogen is deposited upon the carbon there 
should be a particle of peroxide present to cause its oxida- 
ti<m. Indeed, from this point of view, we should exj.>ect 
the most effective arrangement to be a mixture of carlm 
or graphite (as in the dry cells described later), thus forming 
a large composite electrode. 

The importance of fineness in the peroxide has been 
demonstrated by an investigation by J. G. Lucas* of the 
Biitish Post Office. Various types of cell were tested as to 
their suitability for Post Office work. In this class of work 
the currents used are generally very small, and conse- 
(piently the numing of cells on a resistance so low as 10 ohnus 
is not a suitable test. The resistance of the sigiralling 
apparatus generally varies from 1,000 to 3,000 ohms, and 
the current recpiired is a small number of milliamperes. 
Thus, the internal resistance of a cell is usually unimportant. 
Moreover, the service required is very intermittent. Thus, 
in Pm gland, telephone traffic is most dense between 10 a.m. 
and 12:30 p.m. and between 2 p.m. and 4 p.m., with alx)ut 
half the traffic on Saturdays and very little on Sundays. 
( Vmsequently tests were arranged on' the basis of constant 
current for hoursf for five days per week and 2.J hours 
on the sixth day. The currents used varied from about 
5 to 80 milliamperes. In teste of this kind, where it is 
desired to investigate the effectiveness of depolarisation, 
care must be taken not to overload a cell. The useful life 
was considered to be at an end when the E.M.F. observed 

♦ Institution of Post Office Electrical Engineers, December, 1910. 4 

t A clbcharge for 5 hours per tlay has been adopted by the Boel 
Office. The above periods give an average of 5 hours per day. 
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after the day’s discharge had fallen 33 per cent., or when 
the internal resistance per cell had risen to 3 ohms. The 
limiting E.M.F. was taken as 0*975 volt, or roughly two- 
thirds of the initial E.M.F. of 1*5 volts. 

Fig. 99 shows a test of this kind on two porous pot 
cells (run in series) filled with granular manganese peroxide. 



0 20 40 to 30 100 120 140 160 180 200 

Running Days. 


Fiq. 99. — Intermittent Teat of two 3-pint Porous Pot Loclanch6 Cells 
(Granular Manganese Peroxide), at 19-3 milhamperos. (Lucas.) 

Curve 1 shows E.M.F. after Intervals of rest (/.e.. morning readings) 

Curve2 shows E.M F, immediately after 5J hours’ discharge(/.«.,eveningreading5). 
Curve 3 shows E.M.F after placing battery on 4-ohm circuit for one minute {after 
interval of rest, taken on Mondavsonly). 

Curve 4 Is similar to Cut ve 3. but test was made after period of discharge. 

Curve 5 shows mean daily Internal resistance as determined by tests before and after 
each disclitrge. ' 

) 

The curves 1, 2, 3, 4 are F4.M,F. curves under various condi- 
tions, as explained under the diagram, while the other curve 
shows the value of the internal resistance. The term 
" Running Days ” means the days under test (t.e., excluding 
Sundays). It will be noticed that the E.M,F. after the daily 
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rest falls more or less persistently for some time, but then 
tends to become constant. On the other band, the E.M.F. 
after the daily discharge falls persistently. The internal 
resistance evidently does not vary very much if evaporation 
is eliminated. In this case the current was 19*3 milli- 
araperes. The small diagram at the right hand top comer 
^hows the fall of E.M.F. during half-an-hour*s run on the 
194th day of the test, and the corresponding recovery* 
This test (and those shown in insets in other diagrams) 
were obtained by discharging the cells on the day following 
the completion of the main test. For this purpose the cells 
were placed on circuit and the discharge was interrupted at 
i itervals during the 30 minutes’ inn to observe the E.M.F. 

Fig. 100 shows at X how important it is to adjust 
the current to the size of the cell. Here the current is 
41 6 milliamperes and the life 31 days, with an output 
of 6-45 ampere-hours ; whereas in Fig. 99 the current is 
19 3 milliamperes, with a life of about 193 days and an 
output of 18-71 ampere-hours. The output was therefore 
increased, as well as the life, by the lower rate of discharge. 
The characteristics of the discharge and recovery on the 
32nd day are seen in the inset on the right-hand side. 

If, now, the manganese peroxide is taken out of the 
porous pot after a life test and is exposed to the atmosphere 
for two days and is then replaced, a further discharge can 
be taken ; but it is short, as seen by curves at Y in Fig. 100. 
But if instead of exposing the manganese peroxide to the 
air it is ground up to powder and replaced, a further dis- 
charge may then be taken which is not only longer than that 
obtained after air exposure, but much longer than the 
original discharge. This is shown at Z, where the life is 
seen to be about 218, as against the 31 days originally, with 
a rather smaller current. 

The improvement by the use of powdered manganese 
peroxide is naturally found to be still greater in the case of 









o 


Cunr« 9sl»ws m««it dlaily internal retistence as determined by tests before and after each dkcharge. 
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a cell that m new, instead of having been subjected to a life 
test. This is shown by curves in Fig. 101, which should be 
compared with the curves in Fig. 100. Here the current is 
45*7 milliamperes, the life 281 days and the output 64 
ampere-hours. With the granular manganese peroxide 
and a current of 41 -6 milliamperes the life was only 31 days 
and the output only 6-45 ampere-hours. It is noticeable, 
however, that the variation of internal resistance is much 
greater with the powdered manganese peroxide, the resis- 
tance becoming somewhat high at the end of the test (com- 



Fig. 102. — Curves showing Ampere-hours obtainable w'ilh 1^3 per cent, 
fall in voltage on coastani current (for various currents) for 5 
hours i>er day 6 days per week. (1) With granulated, (2) with 
powdered manganese peroxide. (Lucas.) 

The Curves apply to 3-pint Porous Cells containing the tame weight of 
materials. 

pare Figs, 101 and 99). It has been found that the best 
results are obtained when the manganese peroxide will pass 
through a sieve of 50 meshes to the inch, but fails to past 
through one of 60 meshes. This fineness, however, would 
increase the manufacturing cost to a degree which would be 
commercially impracticable. In fact, in a matter of this 
kind the course should be taken which gives the best result 
commercially 

These results are emphasised in a general way by the 
curves in Fig. 102, which show the ampere-hours 
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obtainable from porous-pot cells with granulated and 
[wwdered manganese peroxide respectively, the weight of 
material being the same, and the conditions of test being 
also the same, as outlined alwve. 

As the result of manufacturing, some interesting facts 
have come to light and have been described by Maurice 
Solomon in an aidicle on the Leclanche battery in “ The 
(’entral.”* Success does not depend merely on Turing the 
right quality of manganese peroxide or in the right pro- 
jx)rtionB. The manganese peroxide is mined hi the (''aucasus 
hi a form varydiig from large lumps down to quite small 
grains. The large lumps, when criu<h(Hl to grahis of about 
the size of rice, have a crystalline appearance, with sharp 
edges and corners. On the other hand, small grains found 
naturally, of the same size, have a rounded apjieaiance 
without any sharp edgas. It is found that if ore of the same 
quality Ls taken and of the same sized grain, but the one 
consisting of crushed grains and the other of roumled grains 
foimd naturally, the latter is quite unsuitable for niakhig 
high-class batteries. It is also necessary to keep the per- 
centage of manganese peroxide and carbon in the mixture 
withm certain very narrow limits, the best results behig 
obtained with aliout 80 per cent, of manganese peroxide. 
It is not possible to compensate for a poor quality of man- 
ganese peroxide by using a larger proportion in the mixture. 
As regards the size of grain, the smaller the grains the larger 
the surface of the peroxide exposed for giving depolarisation. 
On the other hand, if the grain is very small, good contact 
is not obtained in loosely packed porous pots ; looseness 
may result through handling in travelling if suitable pre- 
cautions are not taken, in which case the results are bad. 
Consequently, for thi porous-pot type of cell, Mr. Solomon 
expressed a preference in the arvicle to which we have 
referred for grains of the size of rice, but this opinion has 


• * The Central,’' VoL X, p. 77, 1913. 
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been somewkat modified towards a smaller size as the result 
of recent advances. ^ 

CELLS FOR POSTAL WORK.— In 1910 {ie„ before the 
undertaking of the National Telephone Co. was taken over 



FiC. 103. — Intermittent Tost of two O-block Agglomerate Block 
('ells, at 40 inilliamperes. (Luca.s,) 

Curve 1 shows E.M.F. after intervals of rest w.e.. morning readings). 

Curve 2 shows E.M.F. Immediately after 54 hours’ discharge (i.e., evening reading.^). 
Curve 3 shows E.M.F. after placing battery on 4-ohm circuit for one minute (after 
interval of rest, taken on Mondays only). . j . 

Curve 4 istsimilar to Curve 3, but test was made after period of discharge. 

Curve 5 shows mean daily internal resistance as determined by tests before and after 
each discharge. 


by the Post Office), J. G. Lucas* stated that the British 
Post Office had in use 105,000 8-pint porous pot Leclanch^ 
cells as the standard type for signalling and for miscel- 


♦ Loc. eik 
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Ian ecus purposes at minor and small exchanges ; 43,000 
0-block agglomerate block cells, used chiefly for exchange 
operators’ speaking batteries ; 29,000 2-block agglomerate 
cells, used as the speaking ^battery in subscribers’ tele- 
phones ; 18,000 dry cells (the cases being about 0 in. high 
by in. diameter) where wet cells were inconvenient ; 
lliOOO large square dry cells (the cases being about 7.J in. 
high by 4 in. square) ; and 20,500 3-pint bichromate cells, 
generally used at large exchanges. Cells other than of the 
Leclanche type now form an insignificant proportion of the 
whole. In 1913 the estimated total number of wet and dry 
Leclanche cells was 850,000 in use for subscribers’ telephones 
and 250,000 in telegraph offices and telephone exchanges. 

Reference has already been made to Post Office tests of 
porous pot Leclanche cells. Fig. 103 shows a similar 
test by Mr. Lucas on two fi-block agglomerate cells. 
The result obtained was very much better than that with 
the porous pot containing granulated manganese peroxide, 
but not quite so good as with the powdered peroxide. 

Although bichromate cells may be used for supplying 
small currents (two 3-pint cells gave a life of 100 days on 
the above basis when giving 21-3 milliamperes intermit- 
tently), this class of cell is more suitable for supplying 
relatively heavy currents, and its output increases as the 
current becomes larger. 

Tests of dry cells will be given in a later chapter, 

POST OPPIOB SPECIFICATIONS.- The British Post 
Office makes a practice of manufacturing a certain propor- 
tion of the cells required for telegraphic and telephonic 
purposes, and also purchases large quantities of cells. Con- 
sequently specifications are issued for both materials and 
finished cells as follows : — 

Manganese Ore,— To be of such fineness that it will pass 
through a standard sieve having 40 meshes to 1 in., but to 

<22 
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remain on a standard sieve having 60 meshes to 1 in. To 
contain not less than 84 per cent, of peroxide, the percentage 
bemg determined on a sample which has been dried at 
'212°F. until the weight is constant. Any loss of weight in 
drying in excess of IJ per cent, to be deducted in deter- 
mining the weight to be paid for. 

Amrmnium Chloride . — The loss on drying at 212°F. mfist 
not exceed 2 per cent. The oxide of iron and other im- 
purities must not exceed 0-15 per cent., and the residue after 
sublimation must not exceed 0-1 per cent. 

Zinc Rods . — The zinc from which the rods are made must 
not contain more than 0-25 per cent, of iron, not more than 
0'5 per cent, of lead, nor more than 1 per cent, total of 
impurities (excluding mercury). The zinc must be either 
pressed or rolled to a density of not less than 7-2 at GO'^F. 
There must be thorough amalgamation with pure mercury, 
and the finished zincs must contain not less than 2-5 p<?r 
cent, of mercury. 

Porous Pots . — To be of China clay, and so fired as to have 
a resistance not exceeding 0-5 ohm when tested as described 
below. Dimensions to be as given in the following para- 
graph. After delivery those pots which are to be tested are 
prepared by soaking in dilute sulphuric acid (one volume of 
acid, specific gravity 1*84, to 10 volumes of water) for 72 
hours at a temperature of about 60°F. Each pot tested is 
taken from the soaking trough and placed in the zinc 
division of a Daniell battery ; the pot is then filled to within 
2 in. of the top with dilute sulphuric acid as above, the zinc 
of the battery is placed in the pot, and the resistance is 
measured by the “ half deflection method,” first with the 
pot in position and then again after the pot has been 
removed. 

Porous Cells {i.e., porous pots charged complete). — The 
porous pot must be in accordance with the preceding para- 
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graph. The main part of the specification, as issued in 
in October, 1914, is as follows : — 

The dimensions of the porons pot specified in the table below to bo 
strictly followed. The outer dimensions to be in reasonable agreement 
with the pattern, which will Ix) lent to the contractor for his guidance in 
manufacture. 


Size. 

No. 0. 

No. 1. 

No. 2a. 

No. 2 a 
oval. 


Inches. 

Inches. 

Inches. 

Inches. 

Internal diameter 


2| 

n 


Depth inside 



5 

r> 

Major axis, external (maximum) ... 


I 


n 

Minor axis, external (maximum) ... 


... 


n 

Maximum overall height of com- 
pleted porous cells 

9 

9 

7 

7 


The rim of each porous pot to be coated for | in. inside and outside 
with a mixture of ozokerit and pitch, or other specifically approved com- 
pound, to prevent creeping. 

Each porous cell to contain a carbon rod of suitable size for the cell 
concerned, the rod to be provided with a metal terminal of approved 
material and design. The cell to bo efficiently sealed and ventilated, but 
any tube used for the purpose must not project above the sealing com- 
pound. 

The depolarising mixture of manganese dioxide and carbon surrounding 
the carbon rod to be in pow<ler form, of high grade quality, and to be well 
packed. The mixture to he moistened with a dilute solution of hydro- 
chloric acid (strength an ounce of acid to a gallon of water). 

E.M.F . — The initial open circuit voltage of a complete coll, consisting 
of rod zinc in a 16 per cent, (by weight) solution of sal-ammoniac and a 
porous cell, to be not less than 1*5 volts. 

Resistance . — After 12 hours soaking in the sal-ammoniac solution the 
resistance to be within the limits given in the following table : — 


Size of cell. 

! No. 0. 

No. 1. 

No. 2a. 

No. 2a oval 

Resistance 

1 ohm* 

1 ohm 

1 ohm 

1 ohm 

Polarisation 

16 per cent. 

15 per cent. 

20 per cent. 

20 per cent. 


Polarisalion , — ^The polarisation will be ascertained by shunting the cell 
with 2 ohms for 10 minutes, and then taking the E.M.F. immediately 


♦ Tested with two Zincs, Rod, Leolauchd No. 1, for No. 0 cells — one 
for other cells. 
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after tho shunt circuit is broken. The difference between this voltage 
and the open circuit voltage, expressed as a percentage of the latter, will 
bo regarded as a measaro of tho polarisation. 

Output . — Of the cells delivered, 2 [cr cent, drawn at random, will be 
tested for “ electrical behaviour ” in a lo per cent, salammoniac solution 
with a rod zinc (or two in tho case of Leclanch * No. 0 size) discharging at 
the current value, as shown in the table below fur average periods of five 
hours per day for six days per week, until the E.M.F. of the cell falls^to 
0*97o volt. Tho voltage of tho cell will l>e measured on open circuit 
immediately after disconnection. The rod zinc and excitant will be 
renewed as their condition demands during the test. 

The minimum output per coll whioli under those conditions will l>o 
considered satisfactory for each of the respective sizes of cell will bo as 
follows ; — 


Size of cell. 

ToHting discharge current 
in milliampores. 

Output (minimum) in 
watt-hours. 

No 0 

100 

150 

No. 1 

50 

50 

No. 2 a 

20 

20 

No. 2i oval 

20 

20 


Tho cells to be constructed in other respects to the satisfaction of tlie 
Engineor-in-Chief to the Post Office or his lepref-entativo, especially as 
regards suitability of the colls for six months’ storage without appreciable 
local action or deterioration. Six cells of the typo which the contractor 
proposes to supply should be submitted with tho tender. 


In the case of finely powdered mixtures it is desirable to 
add moisture. This permits the mixture to be rammed 
down more firmly. Water and weak solutions of ammo- 
nium chloride and of hydrochloric acid were tried for this 
purpose. The last named was found to be the most satis- 
factory, attid it facilitates the absorption of the electrol)i:c 
when the cell is set to work. 

Figs. 104 - 106 , which have been supplied to the Author 
by Messrs. Siemens Brothers & Co., show the results 
obtained on testing Siemens cells made up to the Post 
Office specification, and tested intermittently as above 
described. 
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0 « 80 120 leo 200 240 280 38 360 4W 


Days. 

Fia 104. Discharge Curv(5S of Siemens No. 0 Porous Pot Loclanchi 

Coll, made according to the Post Office specification. 

Intermittent test at 100 m.a. for 5 hours per day. 



0 40 00 120 160 200 240 280 320 360 400 


Days. 

Fl6. 105. ^Discharge Curves of Siemens No. 1 Porous Pot^I^clancM 

Cell, made according to the Post Offi^’c specification. 

Intermittent discharge at 50 m.a. for 5 hours per day. 

V type of zinc that is goraetimes used by the British Post 
Office is shown hi Fig. 107. It b cylindrical in form, and b 
Euspendel from the rim of the jar by a hooked projection. 
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0 20 40 60 80 100 120 140 160 180 21X} 220 240 


Days. 

Fla. 106. — Discharge Curves of Siemens No. 2a Porous Pot Loclancli^ 
Cell, made according to the Post Office Specification. 
Intermlttsnt discharge at 20 m.a. for 5 hours per day. 



^10. 107.— Post Office Form of Zinc (in Sack Cell). 

The shape is cut so as to give a much reduced surface on the 
Bide remote from the suspending hook, it being found that 
electrolytic solution takes place more on the side where the 
current is collected. 
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DETAILS OP LECLA.NCHE CELLS.— \\Ticn evaporation 
of a salt takes place in a glass vessel, crystals form on the 
vessel near the surface of the solution ; and since these are 
maintained more or le^s moist by capillary attraction of 
the liquid, the crystals grow upwards and finally grow over 
the top of the vessel. This “ creeping ” as i1 is termed, is 
abided in Leclanche cells by dipping the tops of the glass 
pots into ozokerite or paraffin wax. 

The carbon plates are made of retort carbon and were at 
one time generally provided with a head of lead, cast on 



Fio. 108.— Carbon Plate with Lead Cap Corroded by the Electrolyte. 

the top, which carried the terminal and made good contact 
with the carbon plate. It was found, however, that the 
lead was liable to be attacked by the salt and .converted 
into chloride, rendering it useless. A specimen of this 
kind is seen in Fig. 108. 

The carbon plate and head are now almost invariably 
made from a single piece of carbon, the terminal being fixed 
directly into it. Siemens Brothers k Co. simply screw the 
terminal into the head of the carbon, as seen in Fig. 109, the , 
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top of the carbon being thoroughly paraffined. Or the 
terminal screw is fixed by running in a readily fusible alloy. 
Another method, which Is employed by Le Carbone for 
attaching the terminal, is also shown in Fig. 109. It is good 
both mechanically and electrically, but the lower part is 
exposed. The terminal screw passes down a vertical hole 
in the carbon into a slot cut through the head, and is held 
in position by a nut in the slot and also by a nut above. 

It is usualnow, instead of cutting plates out of reto rt carbon , 
which is expensive, to grind up the carbon, mix it with tar and 



(a) Siemens. (i) Le Carbone. 

Fio. 109. —Carbon Head and Terminal. 


mould it under pressure to the required shape. The carbons 
so made are slowly brought up to a red heat in retorts, and 
are maintained at that temperature for some hours. 

In ordeifto prevent the capillary attraction of the elec- 
trolyte up the carbon plate, and consequent creeping of the 
salt, the heads are coated with black varnish. 

SPECTAXi EZdTIKa SALTS FOB LECLANOHE CELLS. 

It is often observed that the zinc rod in a Leclanche 
cell ia covered with crv^tals, and that the rod is 
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attacked more rapidly near the surface of the elec- 
trolyte than anywhere else, with the result that it is 
liable to drop off before it has boon completely utilised. 
These crystals, which consist of a double chloride of zinc 
and ammonium, are avoided if the solution is not too 
strong — for example, 3 oz. to the pint of water. The 
c^TOsion at the surface of the solution, liowevcr, is not 
readily avoided, as it is due to the presence of oxygen in 
the electrolyte and consequent oxidation. There is also 
a tendency for tlie zinc to be eaten away in the form of a 
cone, the smallest amount of corrosion taking place at the 
bottom. This may be partly dim to the solution becoming 
denser at the bottom of the c(‘ll than at the top, owing to 
the formation of chloride which falls to the bottom. A 
“ concentration cell ” is thus formed (.vce p. HU), and local 
action sets in, the zinc being dissolved where the solution 
is more dilute, ?,c., near the top. 

A number of salts arc now on the market for which it 
is claimed that they do not crystallise, and that they cause 
the zinc to be consumed uniformly. The method of pre- 
})a]'ation of these salts is a trade secret. An analysis by 
G. T. Moody of the salt supplied by Leclanche et Cic. gave 
the following result :* — 

Zinc 

Ammonium chloride 

Moisture given off at ISO^C % 

Sodium sulphate 

Moisture given off above l/KlV., and impurities 0-8 

lOOO'J 

• 

The tendency to creep was found to be more marked than 
in the case of ammonium chloride, and the solubility as 
compared \vith ammonium chloride was 1-36 : 1. As the 
salt is not deliquescent it appears to be a mixture of the 
double chloride, ZnOl 2 . 2 NH 4 Cl, with ammonium chloride. 

♦ Ayrton’s “ Practical Electricity.” 
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“ Saloctron,” made by the General Electric Co. ; '' Sie- 
brosal,” by Siemens Brothers & Co. ; and Voltoids,” 
supplied by F. S. Bayley, Clanabaii & Co., may also be 
mentioned. 

Beyond a slight improvement in the uniformity with 
which the zinc is consumexl, the Author has not foimd any 
great advantages over ammonium chloride in the use fif 
special salts. Their non-deliquescent nature seems rather 
a matter of degree. 

The zincs are generally anndgainated on the surface, but 
zinc amalgam is sometimes used throughout, as in tha “ Non- 
Incrusting Zincs,” made by Siemens Brothers k Co., so as 
to maintain an amalgamated surface, on which incrustation 
takes place less readily than on zinc alone. Zinc rods are 
also sometimes made of larger cross- section about the centre 
than at the ends (for example, by British Insulated k 
Helsby Cables, Ltd., and by Siemens Brothers k Co.), so 
as to allow for the greater corrosion that takes place near 
the surface of the electrolyte. 

AMALGAMATED ALUMINIUM.— It has been pointed 
out by A. J. Paine * that although plain aluminium gives 
poor results as an electro-positive metal in a cell, its pro- 
perties are much improved by amalgamation. In fact, 
amalgamation raises the E.M.F. by about \ volt. This 
is an effect which is not easy to understand. Soft alumi- 
nium is preferable to that which is hard-rolled. 


* TAe Ekcirician, Yol LXXIl., p. 268, 1913. 
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TWO-FLUID CELLS. 

Danioll Oell, p 235 - - Xliiiotto's Orll, ]► 239. — (Gravity Danioll Ck'IIb, 
p. 241. — (’allaud's (Iravity (VII, p 242. — Mi'idmci'r'H (Jravity (Vll, 
p. 243. —Kelvin’s Tray J9iUery. p. 244, — drove (Vll, p 240. — liunHen 
(Vll, p. 247.— Two-Idiiid Biehromatc* (’(‘11 k, p 26().- — Bleeok-ljOvo 
(’ell, p, 250. — Decker Cell, p. 255 — Hyposuljdiite as an Excitant, 
p. 255. 

THE DANIELL CELL. — Tlie principle of this cell and* 
the reactions occurring in it have already been explained 
in Chapter HI., and tlierefore do not require further 
discussion. 



Fio. 110.— Danicll Cell 


The usual form of Daniell cell is shown in Fig. 1 10. It 
consists of an outer glass jar containing a porous pot of 
unglazed earthenware in which is placed the zinc plate or 
ro(L Outsi(ie the porous pot is a cylindrical sheet of copper 
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forming the electro-negative plate. The on' er jar is filled 
with a strong srolution of copper sulphate, and the parous 
pot with dilute sulphuric acid or a solution of zinc sulphate. 

The E.M.F. of a Daiiiell cell varies from about 1-07 to 
1T4 volts, tlie value depending chielly upon the density 
of the solutions. The is increased by increasing 

the di-nsity of the copi)er sulphate, but is diminislied by 
increasing that of the zinc sulphate. 

The area of the copper plate is of some importance. 
The greater the area the more effective is tlie depolarisa- 
tion, because there are fewer polarising ions per unit area 
to be removed in a given time. It therefore follows that 
the form of cell shown in Fig. 110 is preferable to the older 
form, in wliich tlie size of the copper plate was reduced by 
placing it inside the porous pot, the zinc plate being outside. 

The depolarising action falls off if the copper sulphate 
solution becomes weakened. For this reason, if the cell is 
required to give a moderate current for a long time, it is 
better to fill the outer jar with copper sulphate crystals 
as well as with solution, the crystals being packed more 
particularly between the cojiper plate and the porous pot, 
as it is in this part that the solution becomes deprived of 
the copper salt. Tlie objection to placing crystals in this 
position is that the internal resistance of the cell is 
increased ; but there is a gain in constancy. In some cells, 
like the one shown in the illustration, the copper plate is 
made very little larger than the porous pot so as to 
diminish the internal resistance In such cells the crystals 
have to be packed outside the copper plate and, therefore, 
do not affect the internal resistance, but the strength of 
the copper sulphate solution is not so well maintained 
because it must depend to a much larger extent upon 
diffusion. If, on the other hand, a cell is required to give 
a heavy current, nothing is gained by adding crystals, 
because they do not dissolve rapidly enough to be of value ; 
and if placed between the copper plate and tlje porous pot 



TWO-FLVIL CELLS, 


• 

they only serve to increase the internal resistance and 
diminish the available solution. 

The effect produced by the addition of crystals is shown 
by the curves in Fig. Ill, wliich refer to the discharge ot 
quart-size Daniell cells placed on a circuit of a quarter of 
an ohm. Curve A shows the result f)btaiued when a 
concentrated solution of copper sult)]iate is used ; curve B 
r^ers to the same cell when packed with crystals. The 
current is seen to be too heavy to remain constant until 
after it has fallen to half an ampere, and nothing is gained 
by adding the crystals. The cell in question continued to 
give about half an ampere for CO hours. If the current 
required were only a quarter of an ampere it might be 
advantageous to add crystals to the solution. 

A convenient strength for the sulphuric acid is obtained 
by mixing one volume ot the concentrated acid with 
10 volumes of water, In place of sulphuric acid, a solution 
of zinc sulphate may be employed, and lias the advantage 
that amalgamation is then unnecessary to prevent local 
action. There is, however, the disadvantage that the 
internal resistance is higher, but much greater constancy 
is obtained, and the strength of the zinc sulphate^ solution 
may be so chosen that any falling off in E.M.F. due to 
polarisation is for a long time counterbalanced by the 
decrease of internal resistance due to the increasing 
conductivity of the zinc sulphate as the zinc passes into 
solution. This is shown in Fig. Ill, where curve C refers 
to a cell in which the zinc sulphate solution was made 
up by dissolving 11b. in a pint of water; a solution of 
one-eighth the strength gave a discharge curve similar to 
C, but about 01 ampere below it. There appears to be a 
further disadvantage in the use of zinc sulphate, viz., the 
output of the cell is diminished. 

In the Daniell cell the porous pot is a source of trouble, 
18 it is in all two-fluid cells. Such a cell cannot be left 
standing for long periods of disuse, because diffusion takes 
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place, and the copper 
sulphate slowly pene- 
trates to the zinc plate 
on which it deposits the 
copper either as metal 
or oxide, giving rise to 
local action. Tlierc^ is 
also trouble on account 
of a transference of the 
electrolyte, known by 
the name of electric 
osmosis, when a cell is 
giving current. For ex- 
ample, the sulphuric 
acid (or zinc sulphate) 
is forced through the 
pores oi* the porous pot 
into the other compart- 
ment, even though the 
hivel of the electrolyte 
in the latter may be 
much liigher than that 
of the sulphuric acid. 
Tliere is also a risk of 
j)orous pots cracking if 
they are not in use and 
are allowed to dry, owing 
to the crystallisation of 
metallic salts in the 
pores. 

A form of cell which 
is designed to avoid the 
diffusion of the copper 
sulphate, and is due to 
Siemens and Halske, is 
«howu in Fig. 112. The 
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porous pot is in the form of a cap with a glass tube 
cemented into it, as indicated by the dotted lines in the 
figure. This cup is surrounded by a diaphragm of paper 
pulp, which supports the positive plate in the form of a 
ring of zinc. The porous pot is filled with crystals of 
copper sulphate and water, the outer vessel being charged 
with dilute sulphuric acid. It is stated that these cells can 
be used for long periods, the only maintenance that is 
required being an occasional addition of water to the outer 
jar to compensate for evaporation. This particular form 



Fiq. 112.-~I)aniell Cell, by SiemenB and Halske. 

of construction has the disadvantage that the surface of 
the copper is small, and as the distance between tlie copper 
and zinc is considerable, the internal resistance is liigh 
viz., from 10 to 15 ohms. * 

MmOTTO’S CELL.— In Minotto’s modification of the 
Daniell cell the porous pot is replaced by a layer of sand 
or sawdust, and since any diffusion must take place 
vertically, trouble due to osmosis is avoided. The copper 
plate is placed at the bottom of the jar, and lias a gutta 
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percha-covered copper wire, A, attached to it, which forms 
the positive terminal, as shown in Fig. 113. This insulation 
guards against accidental contact with the zinc plate and 
also prevents local action. Upon the copper plate is 
placed a layer, B, of copper sulphate crystals, and above 
this, but separated from it by a disc of cloth, is a layer, C, 
of sand or sawdust. Upon the latter is placed a second 
piece of cloth or canvas, and finally the disc of zinc^D. 
The cell is set in action by filling the jar with a solution of 
zinc sulphate, care being taken that this does not reach the 
brass terminal If the cell is required for immediate use, 



Fio. 113. — Minotto’g Cell. 


the sand or sawdust should be moistened with zinc 
sulphate before it is placed in position in the jar; other- 
wise the solution may take some time to reach the copper 
plate and to form a continuous circuit. Water is sometimes 
used instead of zinc sulphate ; but, in starting,, this gives 
a very high internal resistance which is diminished only 
when the copper sulphate diffuses up to the zinc sulphate, 
zine sulphate being then formed on account of oopper 
being deposited upon the zinc. 

The Minotto cell has a high internal resistance (from 
10 to 20 ohmfi|)|4}ut, on account of its simplicity the 
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small attention which it requires, it is well suited to certain 
classes of work 

QEAVITY DANIELL CELLS. — If crystals of copper 
sulphate are placed at the bottom of a beaker of water 
it will be noticed that the salt diffuses very slowly into 
the upper layers of the water, being restrained by the 
force of gravity. Therefore, if the sawdust and cloth 
partitions were removed from a Minotto cell, we should 
expect the zinc sulphate solution to be coloured with 
copper sulphate near the crystals but to remain clear and 
free from copper sulphate near the zinc. We should then 
have what is known as a “ Gravity DanielV’ in which no 



Fia. 1 —Gravity Daniel! Cell, 

porous pot is used, and the separation is due simply to 
the density of the copper sulphate. Such a cell is shown 
in Fig. 114. Connection with the copper plate is made by 
means of a gutta percha-covered wire, as in the Minotto 
cell, the plate being covered with a layer of copper 
sulphate crystals. The zinc is supported by the ^wooden 
cover of the jar. The objection to this form of cell is that 
it is not very portable, because shaking will, of course, 
increase the diffusion of the copper sulphate. In any 
case diffusion will take place until the copper sulphate 
reaches the zinc if the cell i.s out of use for any length 
of time ; but when the cell is supplying a current the 
copper is deposited instead of diffusing towards the zinc. 
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When, therefore, such a cell is not in use, it is better to 
allow it to generate a small current continuously or to 
dismantle it. 

There are many special forms of gravity cell, among 
which may be mentioned Callaud’s cell, Meidinger’s cell, 
Lockwood’s cell, and Thomson’s (Kelvins) tray battery^ 
which is largely used in submarine telegraphy. The two 
former and the last will be described in detail. 

CALLAUD’S GRAVITY CELL.— As shown in Fig. 115, 

the zinc in this cell is in the form of a cylindrical ring, Z, 
suspended from the rim of the jar by means of three copper 



Fia. 116,— Callaud’s Gravity Cell 


hooks. The negative plate is a cylindrical ring of sheet 
copper as seen at C, connection being made by a gutta 
percha-covered wire. The particular cell of which the 
illustration is given is intended to be used in series with a 
number, of others. The terminal of the copper plate is 
therefore riveted and soldered to the zinc ring, the copper 
ring there shown really forming part of the next cell in 
the series. 

The cell is charged by filling the jar with copper sulphate 
crystals until the copper plate is covered, and then adding 
a dilute solution of zinc sulphate until it nearly reaches to 
the top of the zinc. < 
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MEIDINGER’S OEAVITY OELL.— Various attempts 
have been made to diminish the diffusion of the copper 
sulphate in gravity cells and to render them more portable. 
In Meidinger’s cell, of which Fig. 116 is a section, the 
copper sulphate crystals are contained in an inverted 
balloon-shaped flask, A, which is closed by a cork tlirough 
wlich there passes a glass tube, B. The copper sulphate 
diffuses through this tube, maintaining the strength of 
the solution in the neighbourhood of the copper plate 
C. The terminal wire of the copper plate is insulated with 



Fia. 116 .— Meidinger’B Gravity CelL 


gutta percha. The zinc plate Z is of lafrger diameter than 
the copper plate, and rests upon an enlargement of the 
glass jar at a higher level than the copper. The outer jar 
is charged with a weak solution of magnesiun^ sulphate 
(one part of the salt to four or five parts of water by 
, weight). The flask is filled with copper sulphate crystals 
and water, and after the cork and its tube have been 
inserted, it is placed in position. Since the plates are close 
together, the internal resistance is comparatively low, 
varying from 2 to 6 ohms, but the depolarisation is not very 
effective owfng to the small size of the copper plata ^ 
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KELinxrn (TH0MS0N*S) TOAY BITTBBY.— in this 
battery the solution is contained in a wooden tray lined 
■with lead, and having inclined sides : the size of the tray 
is generally 18in. square and 4 Jin. deep. The lead is 
brought over the edges and at each corner is carried down 
under the tray, as shown at L in Fig. 117. A strip of 
sheet copper, about lin. in width, is soldered at one en(fto 
the centre of the lead lining. In preparing the tray for 
use, a coating of varnish or paint is applied all over the 
lead on the inside, so as to prevent it from being acted 
on voltaically, but the copper strip is left clean. When 



dry, a thin copper sheet, varnished on the under side and 
pierced by a slit in the centre to allow the copper strip to 
pass through, may be placed in the bottom of the tray, and 
the copper strip bent down and sprung so that it makes 
good contact with the plate. The more usual method at 
present^ however, is to spread a sheet of Dutch-metal foil 
©vSff the bottom while the paint is still wet, the copper 
atrip being brought through and pressed down on to the 
upj^r surface, as seen in Fig. 117, where C is copper, D is 
Dutch metal, and L is lead. In the tray are placed four 
]^rcelain sup^rts, P, on which rests the zinc ;^the latter is 
seen at Z in Fig. 118, and is in the form of a heavy grid. The 
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cell is really a gravity cell; but as the space between the 
plates is small the zinc is protected underneath and round 
the sides by parchment paper (not shown in the figure) 
which is tied round it so as to form what amounts to a 
porous pot separating it from the copper sulphate. It will 
be noticed that the zinc has upwardly projecting corners, 
r^4vhich rise above the level of the tray. It is thus easy 
to put a number of trays in series by standing one on top 
of another, up to ten cells, the lead under the corners of 
each tray resting on the corners of the zinc of the cell 
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beneath. If a copper sheet is used there is a full surface 
of copper to start with, and the' cell will be ready for action 
if zinc sulphate solution is poured into the parchment cell, 
and copper sulphate and crystals are placed in the tray. 
But if Dutch metal is used as above described, the surface 
of copper is siinalh and therefoi^ it is usual to fill both 
compartments to the same level with water, add copper 
sulphate erystals to the tray, and i3hort<eircuit the cell for 
a night or so. By this means zinh siilpbatd is gradually 
formed, in the neiglibourhood (d the. zinc and copper ia 
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deposited over the surface of the Dutch metal. When the 
cell is in circuit, there is a continual deposition of copper ; 
but if the sheet becomes inconveniently thick it is easily 
stripped from the lead owing to the layer of paint separating 
this from the Dutch-metal. When the battery is in use 
some of the zinc sulphate solution should be removed daily 
and be replaced by water so that the specific gravity is kept 
at about 1*24: this should not be less than 1*12, nor greater 
than 1*3. If the zinc sulphate ie not kept sufficiently 
dilute, crystals accumulate round the edge. The strength 
of the copper sulphate should be maintained by adding 
crystals from time to time. When a battery is not in use 
it should be allowed to generate sufficient current to 
prevent diffusion of the copper sulphate to the zinc. 

Owing to the construction of this battery, the internal 
resistance is low . At one time it was largely used for working 
syphon recorders, but it has now been generally superseded 
by accumulators, which have the advantage of lower internal 
resistance and give less trouble. 

THE GROVE OELL. — The depolarisation in this cell, a.v 
already explained in Chapter III,, depends upon the 
oxidising power of nitric acid. A very usual form of Grove 
cell is shown in Fig. 119. The outer jar is rectangular in 
shape, and contains a zinc plate, Z, in the form of a U, the 
space between the upright parts being sufficient to allow a 
narrow porous pot, P, containing the platinum sheet (not 
shown in the figure) and nitric acid to be placed between 
them. The outer jar is filled with dilute sulphuric acid. A 
very compact form of cell is obtained by this construction. 
The E.M.F. varies from 1*9 to 2 volts. Since the internal 
resistance is low and the depolarisation is good, relatively 
large currents can be generated -In Fig, 121, the discharge 
^rvc marked A was obtained from a cell of this description, 
t^e size of the outer jar l)eing 4 Jin. by 2Jin. and 5 Jin. high. 

>The form of zinc used in the cell described above is good 
M regards diminution of internal resistance, . but it is 
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inconvenient for amalgamation, because the inner imrts are 
not very accessible. On that account a cylindrical form 
of cell is preferable. For the sake of ease in re-amalga- 
mating, zincs should always be made as open as possible. 
For the same reason the zinc used in the cell shown in 
Fig. 110 is not very suitable, because it is made in the form 
of^ hollow cylinder of small diameter, the interior of which 
is not easily cleaned. 



Fig, 11 9 .- Grove Ceil 


An objection to the use of nitric acid as a dcpolanscr 
arises from the fact that its reduction results in objec- 
tionable corrosive fumes owing to evolution of nitric oxide, 
which oxidises in the air to the red nitrogen peroxide. 
Such cells should therefore he worked iii positions where 
the fumes are easily carried away, and not in clesed rooms. 


THB BTJNBBN OBUi— This cell is the same as the 
Grove cell, except that carbon is used in place of platinum. 
The construction, however, is somewhat different to that of 
the Grove cell which has just been described, tecause 
carbons are^nore easily made in the form of rods and ate, of 
course, more bulky than the platinum sheet. A common 
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form is illustrated in Fig. 120, Here the zinc is cylindrical 
and is amalgamated without much difficulty on the inside, 
where the corrosion takes place. 

The porous pot in a cell of this kind should be as large 
as possible, because the capacity depends chiefly upon the 
power of depolarisation — that is, upon the amount of 
nitric acid. The use of carbon in place of platinum is iftft 
attended with any appreciable disadvantage, as the E.M.F.. 
is practically the same, and there is, of course, the advan- 
tage that the cell is much cheaper in first cost. 



Fia. 120.~- Bunsen OeQ. 


In the* usual form of cell, however, there is trouble from 
corrosion of connections; and carbons do not last inde- 
finitely like platinum, which apparently does not deteriorate 
if it is occasionally heated to dull redness to prevent it from 
becoming brittle. 

In Fig. 121 is given a discharge curves B, obtained from 
a quart-size Bunsen cell discharging through a circuit 
of half an Ohm! The curve obtained by substituting 
plaldnum for the earbon^iving a Grove oeU)^ with the setms 
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quantity of nitric acid, 
is very similar. It will 
be noticed, by compar- 
ison with the curves in 
Fig. Ill, that a Bunsen 
cell is capable of giving 
a much heavier dis- 
charge than a Daniel I 
cell of equal size, and it 
has the further advan- 
tage that the E.M.F. is 
almost twice as great. 
On that account the 
re.sistance used in ob- 
taining the curves in Fig. 
121 was made double 
that employed for the 
discharges in Fig. Ill in 
order that the results 
might be more com- 
parable, one Bunsen cell 
beingroughly equi valent 
to two Daniell cells in 
series. 

A number of modifi- 
cation^ have been sug- 
gested in order to 
avoid the objectionable 
fumes arising {rom the 
nitric acid. The sub- 
stitution of a nitrate for 
the acid renders the cell 
useless, as the depolari* 
sation.is very feeble. A 
mixture of a nitrate and 
sulphuric acid is some* 
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times recommended ; but the E.M.F. is much reduced 
and the discharge is unsatisfactory if a heavy current is 
required. J. W. Swan* has proposed the following non- 
fuming solution as giving a result nearly equal to that of 
nitric acid : — ' 


Nitric Acid (dcnfJiiy 1-42) 1 part by weight 

Chromic Acid H parts ,, 

Sulphuric Acid 0 „ „ 

Water 6 ,, „ 


According to the Author's experience the above quantity 
of chromic acid is more than can be held in solution. 

Iron has also been suggested as a substitute for platinum 
in the Grove cell, or for the carbon in the Bunsen cell. 
Owing to the passive state which it assumes when placed 
in concentrated nitric acid it does not dissolve, but since 
it is attacked with evolution of corrosive fumes when the 
acid becomes weak, it is not very suitable for the purpose. 

TWO‘PLUID BICHROMATE CELLH-These cells weie 
discussed in Chapter VIII. in connection with one-fluid 
bichromate cells, and therefore do not require further 
notice in the present chapter ; but some special two-fluid 
cells have been developed in which bichromate enters as 
the depolariser, and two of these are described in the follow- 
ing pages. 

THE BLEBOK-LOTE CELL. — This cell, which is due to 
Mr. W. A. F. Bleeck, of Brisbane, and Prof. T. R. Lyle, 
of Melbourne, is of more than usual interest because its 
E.M.F. higher than that of any other primary cell, 
except the zinc/lead-peroxide type. The construction is 
shown in Figs. 122 and 123. A cylindrical carbon, C, is sus- 
pended in a glass jar by a carbon ring, A. This ring also 
carries a cylindrical porous pot, P, which is provided with a 
wooden cover, B, carrying a cylindrical zinc, Z. The 
♦ B. A Report, 1889, p. 612 
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porous pot is glazed down to a point, D, but is porous below 
that level, and is, of course, closed at the bottom. The 



Fig. !22.— Bleeck-Love Primary Cell. 


electrolyte consists of a chromic acid depolarising solution 
in the glass jar and a caustic soda excitant solution in the 
porous pot, and it will be noticed that the level of the latter 



Fio. 123.— Section of Bleeok-Lore GeO. 


stands at a consideraUy hi^er level than the chromic 
solutkHL. The add sohideii is sold already prepared along 
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with tins of caustic crystals ” for making up the alkaline 
solution to the required strength. 

According to the patent specification * the depolarising 
liquid consists of a mixture of hydrochloric and chromic 
acids with ferrous or nickel sulphate, or both. It may be 
prepared by taking the following proportions : — 


H\'drochloric acid (commercial) 5 flviid oa. 

Water I.*) oz. 

Ferrous or nickelous sulphate 1 oz. 


("hromic acid (commercial, added to the above solution) 8 oz. 

The excitant is made by adding 1 oz. of gum arabic solu- 
tion of M2 sp. gr. to 10 oz. of water and then adding 5 oz. 
of commercial caustic soda. The object of the gum arabic 
is to retard the diffusion of the excitant through the porous 
pot. 

The E.M.F. is about 2-5 volts, and this high value is due 
to the fact that the cell is a Becquerel cell with zinc instead 
of a neutral element for the electro-positive plate. 

The question naturally arises whether the E.M.F. of the 
Becquerel portion of the combination will be maintained 
when the cell is in use. Experiment shows that this part 
of the E.M.F. is maintained for a long period. The caustic 
soda being at the higher level there is a slow flow into the 
bichromate department. On the other hand, it is notice- 
able that some bichromate finds its way into the caustic 
solution and is reduced by the zinc, giving rise to the familiar 
green colour due to reduction within the porous pot. 

Upon replacing the zinc by a carbon plate it is found that 
the E.M.F. due to the junction of the two solutions is. 
0-85 volt when the cell is first set up. What may, therefore, 
be regarded as the true voltaic part of the E.M.F. amounts 
to 1-^ volts. 

Some tests made by the author upon a cell having a 
jar 6|in. high by 4^ in. square gave lecultB shown 

• BritliihMetKta llo». 5,297 of 190S Mid 15,194 of 
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in Fig. 124. Curve A shows the discharge through a resis- 
tance of about 0-97 ohm. There is a considerable drop in 
the current during the first three hours, from which it would 
seem that this size is better suited to a lower discharge rate 
if a reasonably constant current is desired. For this reason 
another discharge was run with a new porous pot, the ex- 
ternal resistance being raised to about T4 ohms. Curve B 



A —Curve of current through external resistance of 0-97 ohm. 

B.— Curve of current through external resistance of 1 4 ohms, 

C —Curve of current on recharging after discharge B, 

D.— P.D. corresponding to discharge C. 

Fic. 124. — Discharge Curves of Bleeck‘I>)ve Cell on constant 
external resistance. 


shows the result, the current being steadier. At the end 
of the discharge the porous pot was put to soak in water 
for the night and the cell was recharged the next morning. 
The resulting discharge on the same resistance, as seen by 
Curve C, was much more steady. The cell was then Idt on 
circuit for ^ days, during which time the curueni and P.D. 
fell as shown in the ri|^t-hand part of Ae diagram. It was 
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noticeable that the E.M.F. immediately on opening circuit 
always showed a high value, as seen by the curve for E.M.F. 
It must, therefore, be concluded that the fall in current is 
not due to polarisation (contrary to what might be antici- 
pated, as it might be thought that the Becquerel part of the 
E.M.F. would fall off), but to increasing internal resistance. 
The porous pots, the porosity of which is very fine, appear to 
increase rapidly in resistance, and a more constant res^Ult 
is obtained after this increase has taken place. Soaking 
the porous pot in water after discharge reduces the resis- 
tance to some extent, and when a little time has been given 
for the absorbed water to be displaced by the solutions a 
fairly constant discharge is obtained for some hours, as 
shown by Curve C. It is noticeable that the bichromate is 
not in an exhausted condition at the end of a prolonged 
discharge, such as that here described. 

The cell appears to have been used to some extent in 
Australia in small central battery exchanges for telephonic 
work and for purposes where other sources of electrical 
energy were not available. For giving considerable con- 
stant currents for short periods the cell does not seem so 
suited as some of the simpler varieties of primary cell. Also 
the 'porous pot requires careful soaking after use owing to 
the preseiice of caustic solutions, and on this account dilute 
sulphuric acid woujd probably be preferable to water for 
the elimination of the caustic soda after some preliminary 
washing. The resulting salt in the pores could then be 
washed out fairly easily by further soaking. On the other 
hand, the use of a caustic solution is an advantage in pre- 
venting local action, which is an invariable trouble with 
acid electrolytes, more particularly with bichromate, 
because reduction of the depolariser is a necessary accom- 
paniment of local action, and there is, therefore, a double loss. 

"A similar type of cell, using nitric acid and caustic soda, 
was described by E. (1. P. Bousfield* in 1904. 

•«The Eicctro.Chein’i9t,” Vol. 3. i*. 730, 1904. 
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IHB DBOKEB OELL — This cell, which is due to F. A. 
Decker, of Philadelphia (U.S.A.), has been described by 
F. B. Crocker.* The electrol5rte consists of dilute sul- 
phuric acid in porous pots containing zinc plates, and a 
mixture of sodium bichromate and sulphuric acid surround- 
ing the porous pots, the other plates being carbon. The 
special features of the cell are concerned with the porous 
pots and carbon plates and with the manipulation of the 
electrolytes. The porous pots are built up from earthen- 
ware plates, having ribs on one side to strengthen them and 
thickened edges. These plates are united to form a flat 
cup, the ribs being inside, and are then ground down until 
they are so thin that the light shows through them. Thus 
a porous pot is obtained of which the sides are much 
thinner than would be otherwise possible, and the internal 
resistance is correspondingly reduced. The electro-negative 
plates are of graphite, corrugated so as to oppose a large 
surface to the depolariser and strengthened at the edges. 
The containing vessel is made of vulcanite, and beneath 
the vessel are two ducts. One of these makes connection 
to each of the porous pots, there being as many branches 
as there are porous pots. The other duct has one branch 
to each cell. By connecting the two ducts to reservoirs 
containing the acid and the depolariser respectively, a 
battery of cells can be charged by raising the reservoirs. 
The branch ducts are made small so as to avoid local cur- 
rents from cell to cell. 

The Author is not aware whether this cell is still on the 
market. 

HYPOSULPHITE AS AN EXCITANT.— The use of 

sodium hyposulphite as an excitant has been advocated by 
A J. Paine. t This is used with the zinc in one compart- 

* Transactions, Americtn Electrochemic»l Society, Vol X., p. 107, 
1906. Abstract in The Electrician, Vol LVIIL, p. 296, 1906. 

t The Eketrician, Vol LXXI., p. 269, 1913. 
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ment of a two fluid cell, being separated by a porous pot 
from the carbon, which is immersed in ferric chloride. From 
a brief trial the Author has not found any particular advan* 
tage in this cell. As a depolariser a ferric chloride solution 
can easily be maintained saturated by adding the solid, but 
this solution is a material which is distinctly “ messy ” when 
in due time it is oxidised to the form of rust. 
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Owing to the want of portability of cells containing 
liquid electrol3d:es, there have been numerous attempts 
to utilise some form of more or less solid electrolyte and 
thus to produce what is termed a dry cell. That term, 
however, is really a misnomer. No cell can furnish more 
than a minute current if it is dry, and; in fact, one of the 
difficulties experienced in making a successful dry cell b 
the difficulty of keeping it sufficiently wet under all condi- 
tions (such as hot climates). The name is nevertheless a 
useful one, and is now universally used to designate a class 
of cell which is relatively dry as compared with the cells 
which have so far been described. 

In addition to portability, dry cells have the further 
advantages that they require no attention during working, 

•2 
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8uch as the addition of water, that they are generally 
unbreakable, and may be used in any position. But 
certain defects are frequently observed. Deterioration 
takes place if cells are kept in stock, even if no current is 
taken from them, and is shown chiefly by loss of E.M.F. 
and increase of internal resistance. The latter is partly due 
to the gradual drying of the paste and partly to change^ .in 
the salts and other constituents of the cell. If the cells are 
good they will retain their qualities without serious change 
for eighteen months, or even two years. Another defect 
frequently met with in cells which are constructed so 
that gases generated have no ready means of escape is 
that known as “ bursting,” the gases breaking open the 
outer case. This bursting generally takes place in cells 
which are on circuit, but it is also liable to occur in cells 
which have never been used, owing to the gradual expan- 
sion which often seems to accompany the drying of the paste. 
Drying may also be due to the formation of hydrated 
crystals. 

All dry cells at present on the market are practically 
Leclanch^ cells in which the electrolyte is in the form of a 
paste, and consequently the value of the E.M.F. is about 
1.5 volts. The exact composition of the paste is generally 
a trade secret. Depolarisation is usually effected by 
having a paste of manganese peroxide, carbon and graphite 
in the immediate neighbourhood of the carbon plate. 
Instead of peroxide paste, agglomerate blocks and Le- 
clanch6-Barbier agglomerate cylinders have also been used 
by Leclanch^ et Cie. in dry cells, but without any very great 
success. 

0ENERAL BE8GEIPTI0N OF DRY OELLS—Before 
going on to a detailed description of certain cells it may be 
well to state m general terms the construction that is usually 
adopted. 
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The container, which is round or rectangular in form to 
suit the conditions of the user, is made of sheet sine and 
forms the electro-positive element. This has the advantage 
that a water-tight vessel is obtained, this vessel being pro- 
tected mechanically by a pasteboard casing. Sometimes an 
earthenware or glass container is used, a sheet of zinc in 
cylindrical form being placed within the container. The 
only advantage of this method seems to be that the insu- 
lation is better, which may be desirable if a larger number of 
cells are required in series. 

The zinc is sometimes amalgamated. From the point of 
view of local action this does not seem to be important, but 
amalgamation appears to prevent the forming of crystals 
and consequent pitting of the zinc. 

The carbon may be a plate or it may be round. It is 
surrounded by a paste made up of manganese peroxide and 
carbon, with some graphite to decrease the internal resist- 
ance, and electrolytic constituents and water. The propor- 
tion of graphite is regulated partly by the cost and depends 
also on skill in manufacture. The exact composition is not 
disclosed by makers and depends upon the service required, 
but it is stated that an average mixture is made by taking — 


Manganese peroxide 10 lb. 

Carbon or graphite, or both 10 lb, 

8al -ammoniac 2 lb. 

Zinc chloride 1 lb. 


Sufficient water is added to this mixture to make it into a 
suitable paste. 

A formula given by H. K. Richardson* as being commonly 
used in the United States is as follows, expressed in parts, 


presumably by weight 

Manganese peroxide (85 per cent. MnOa) 100 

Ground cohe 80 

Artificial graphite 20 

Sal-ammoniac 20 

Zinc chloride (30®B4) ^ 


* MetaUur^cal and Chemical Engineering,*' Vol. X., p. 0St, 1212, 
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The carbon and the depolarising paste surrounding it 
must be regarded as a composite electrode. The depolar- 
ising action takes place at the outer surface of the paste and 
progresses inwards as the cell is discharged. 

Between the depolarising paste and the zinc is what may 
be called the “ electrol3rtic paste.” It is generally white, 
and is made up of flour * plaster-of-paris, sal-ammoniac and 
zinc chloride, with enough water to form a paste. Dextrine 
and cornflour are also employed. Sometimes a transparent 
gelatinous paste is used. In this case the electrolyte is 
made up with gum tragacanth, gelatine or agar-agar. 
Tragacanth is the best gum for the purpose. Gelatine 
results in higher resistance ; agar-agar is largely used, and 
has the merit of cheapness. 

The usual procedure in manufacture is to make the 
electro-negative element by ramming the depolarising 
mixture into a mould round the carbon. For this purpose 
the mixture is moistened with water, or, if it is desired to 
obtain greater coherence, with water containing a little 
mucilage. The carbon and the surrounding depolariser 
is then removed from the mould, and may be made up into 
a sack element by wrapping it in canvas which is securely 
tied round. The advantage of this form of construction is 
that good contact is secured between the carbon and the 
depolariser. The electro-negative element is then placed 
in the container, into which the required quantity of elec- 
trolytic paste has already been poured, or the paste may be 
poured in after the element is in position. When first made, 
the white paste is sufficiently liquid to pour easily, and sets 
more or less stiff after one to three hours, according to 
its composition, the setting being due to the plaster-of- 
paris. 

• In regard to substitutes for flour, see a note in The Electrician, 
Vdi, LXXV,, p. 876, 1915. Glasswool, sawdust, gelatine, starch, 
Kiotelgnhr and water glass are mentioned. « 
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Provided the electrolyte is sufficient there is no advantage 
in having a thick layer of electrol 3 rtic paste. In fact, in 
American cells this is cut down so far as to consist merely 
of a few layers of pulp board or blotting paper moistened 
with the electrolyte. It must be remembered that the 
depolarising paste also contains electrolyte and this will 
disuse as the other becomes used up. An advantage of 
the blotting-paper method is that the container can be 
easily lined therewith ; the paper is soaked by running in 
electrol)rte, which is poured out again after a few moments ; 
the carbon can then be placed in position and the de- 
polarising paste can be rammed in so as to obtain good 
contact. Except in America, however, this method has 
not found favour, although it is cheap. It gives low internal 
resistance, and therefore a high value of the short-circuit 
current initially ; but such cells tend to dry up more quickly 
than those made with a paste, the amount of moisture held 
by the paper being comparatively small. 

Accordmgto Richardson,* paper for this purpose generally 
consists of 75 per cent, ground wood pulp and 25 per cent, 
sulphite fibre, the thickness being 0*040 in. It must be 
highly absorbent so as to take up enough electrolyte, but 
the pores must be so fine that the carbon and graphite 
particles cannot migrate through them under the influence 
of electro-capillary forces. 

Some means must be adopted of preventing the carbon 
and the depolarising paste from touching the bottom of the 
zinc container. ' 

Judging from the Leclanch^ cell, it might be tJxought that 
sal-ammoniac would be all that would be necessary for the 
electrolyte. It appears, however, that zinc chloride mini- 
mises local action, and it also, no doubt, keeps the cell from 
dr 5 dng up. To prevent the latter, the cell is always finished 
off with a bituminous or other seal. Further, if 2anc 


* Loe. cit. 
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chloride is in excess, the ammonia gas due to the action of 
the cell is converted into ammonium chloride, and does not 
cause trouble through forcing an exit ; moreover, the E.M.F. 
is maintained at a higher value if the ammonia is removed* 
On the other hand, insoluble zinc hydroxide is thus formed 
which is harmful from the point of view of internal re* 
sistance. 



Discharge at 45 m.a. for 5 hours (average) per day. 

(51k hours on five days a week and 2| hours on Saturtays.) 

Curve 1 shows E.M.F. After intervals of rest {i.e., morning readings). 

Curve 2shQW8 E,M.F. immediately after SJ hours’ discharge {i.t., evening readings) 
Curve 3 shows E.M.F. after placing battery on 4-ohm circuit for one minute (after 
Interval of rest) taken on Mondays only). 

Curve 4 is similar to curve 3, but test was made after period of discharge. 

Curve 5 shows ifiean dally Internal resistance as determined by tests before and after 
each dhwharge. 


Since the cell in action gives rise to ammonia it is desirable 
to provide some means by which this gas may escape, and 
lor this reason a vent tube is generally provide. And 
objection to this has been pointed out by J. G. Lucas, 
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namely, that the escaping gas carries moisture with it; 
thus the cell dries up and the internal resistance increases.* 
Mr. Lucas carried out intermittent tests at constant current 
(on the lines already described in Chapter VIII. when deal- 
ing with Leclanche cells). Fig. 125 shows the results ob- 



Running Days. 


Fio. 126. —Post Office Test of Two Dry Celle in Series provided with a 
Sealed Expansion Chamber. (Lucas.) Compare with Fig 126. 
Discharge at 47'2 m.a. for 5 hours (average) per day. 

(51 hours on five days a week and 21 hours on Saturdays.) 

Curve I shows E M F. after intervals of rest (/.«., morning readings). 

Curve 2 shows E M.F immediately after 51 hours’ discharge (r.e,, evening readings). 
Curve 3 shows E.M F after placing battery on 4-ohm circuit for one minute (aftw 
interval of rest, taken on Mondays only). 

Curve 4 is similar to curve 3. but test was made after period of discharge. 

Curve 5 shows mean daily internal resistance as determined by tests before and after 
each discharge. 


tamed with cells as supplied by the manufacturer and pro- 
vided with a vent. Cells of the same kind were then taken 
and a rubber expansion chamber was fitted to each cell so 
that the gas could pass into the chamber but could not pass 


* Proeeedmgst Institution of Post Office Electrical Engineers, 1910. 
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right away. The results with the modified cells are shown in 
Fig. 126. It will be noticed that the mtemal resistance, 
instead of reaching a high value, ceases to rise after a time. 

In both these diagrams curve 1 shows the E.M.F. just 
before the daily run and curve 2 shows the E.M.F. immedi- 
ately after the run. Curve 3 gives the E.M.F. immediately 
after putting the cells on a 4-ohm circuit for one minute 
after the interval of rest, and curve 4 the corresponding 
figure after the daily run. The dotted curve shows the 
internal resistance. “ Running days ’’ means the days 
under test (i.c., Sundays are excluded). 

If the ingredients of the depolarising paste are very fine 
the gas may have difficulty is escaping and the cell may 
burst. The fact that a cell has burst is indicated, if not 
otherwise evident, by a rapid rise of internal resistance. 

For small discharges with long intervals (such as may be 
required in Post Office worlc) the rise of internal resistance 
is a serious objection to some tjqies of dry cell. This is 
illustrated by Fig. 127, which is also due to Mr. Lucas. It 
will be seen that after 150 days the internal resistance began 
to rise rapidly and was also considerably higher after each 
day’s discharge than before the discharge, giving rise to two 
curves. From this it would seem either that diffusion 
occurred with difficulty after a time, or that gas was formed 
during the day and was dissipated during the night. 

The rise in internal resistance is a troublesome feature of 
dry cells. It is not due simply to the drying out of a cell. 
In fact, this is probably only a minor cause, since the 
voltaic action of the cell itself gives rise to water. It is 
more probably due to the formation of insoluble double 
cdxlorides and basic chlorides which take up water in their 
formation and which restrict the available path for the 
current. It is noticeable, however, that the current from 
an old cell oflen rises for a time when the cell is placed on 
circuit, showing that the internal resistance is reduced by 
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the water that is liberated. Another feature of ageing is the 
lowering of the E.M.F, 

From the point of view of cost of operation the 'rise of 
internal resistance may be important because it may set a 
limit to the life of the cell. Thus, referring to Figs. 125 and 
126, Mr. Lucas computes the inclusive cost per watt-hour for 
Post Office work in the case of the cell whose internal 
resistance rises rapidly as being 0-6d., whereas the cost for 
the cell whose internal resistance rises slowly is only 0*37d. 
These figures are an estimate of the total cost involved so 
long as the battery remains in use, and includes interest on 
capital, establishment charges, freight and handling, labour. 



Fiu. 128 — FahnestocK Fia. 129.— Patterson Screw 

Terminal. Top for Dry Coll. 


supervision, travelling, materials and estimated value ta 
cover the physical deterioration of permanent parts, if any. 

Except for the vent tube, dry cells are alwavs hermetically 
sealed by means of a bituminous or resinous seal. 

The carbon termmal is usually one of the varieties used 
in Leclanche cells. The zinc terminal is generally a wire 
but American makers prefer an acom-head post soldered to 
the zinc container, as illustrated in some of the sections of 
cells on a later page. To f^iiitate connecting up cells 
special devices are sometimes used* such as the Fahnestock 
connector, supplied by the National Carbon Co. (U.S.A.), 
and illustrated in Fig. 128. Another American device is the 
Patterson connection, shown in Fig. 129. The top of the 
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cell is provided with a screw thread so that it will screw into 
a large Edison socket. In the case of a battery, a number 
of these sockets are wired together and it is only necessary 
to screw the cells home to secure connection. Ignition 
batteries are conveniently fitted up in boxes in this way. 
Cabinet outfits are made up on this plan to give up to 
arapfres at a low voltage. 

J IATBBIAL8. — What has been said on this subject in 
nection with Leclanch4 cells applies largely to dry cells. 
The manganese peroxide (mainly from the Caucasus or 
Japan) usually contains 85 per cent, of MnOj. The carbon 
that is used is retort carbon, coke, petroleum coke and other 
varieties of various qualities freed from iron by magnetic 
separation. Graphite may be natural or artificial (mostly 
that known as Acheson Ba2), but more usually the best 
qualities of natural graphite, such as that frcm Ceylon, is 
employed. 

Both the sal ammoniac and zinc chloride must be free 
from impurities, particularly from iron, otherwise local 
action results. Local action also occurs if copper passes 
into solution, since it then becomes deposited on the zinc ; 
in fact, copper is the most harmful impurity in this respect. 
It might be thought that local action would abo occur on 
account of the solder, but since lead and tin, the constituent 
metab, have high “ over voltages ” (i.e.) they require con- 
siderably more than the P.D. due to the decomposition of 
water to liberate hydrogen), such action does not take place. 
Some local action may abo arbe if the carbon and the 
depolarising mixture are both in contact with a Ihin layer 
of the electrolyte paste, the zinc being on the other side of 
thb layer. Messrs. C. F. burgess and C. Hambuechen* 
state that the P.D. between the carbon and the mixture is 
0476 volt,^ C5onsequentlv it b better to surround the 

♦ Tramactiom, American Electrochem. Koc. Vol. XVI,, p. 97, 1909, 
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bottom of the carbon with the mixture if the zinc is suffi- 
ciently near to form part of the path carrying the resulting 
current. 

THE OBAOH CELL. — This cell, which is manufactured by 
Messrs. Siemens Bros. & Co., is one of the most satisfactory 
of those at present on the market. It is made both in 
the square and round forms, as shown in Fig. 130 ; a section 
ot the round type is given in Fig. 131. The containing 
vessel Z is of zinc, and at the same time serves as the 
positive plate, an arrangement which is very generally 



Pro. 130.— The Obach Cell. 


used in dry cells. The depolariser F is made up as a 
Btifi paste containing about 55 per cent, of manganese 
peroxide, 44 per cent, of plumbago, and 1 per cent, of 
gum tragacanth.* It is shaped into a hollow cylinder by 
being foifced through a die, so that the round carbon rod C 
can be easily placed in position (original process), or the 
depolariser is preferably tamped in a mould around the car- 
bon. The bottom of the zinc vessel is coated on the inside 
by a thin layer B of a bituminous compound on which is laid 


* A 3 rrton, “ Practical Electricity.* 
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^ disc of thick paper, thus preventing the possibility of in- 
ternal sho rt circuiting. After the carbon and the surrounding 
depolariser are placed centrally in position the space G 
is filled by pouring in a thin paste, consisting approximately 
of 85 per cent, of plaster-of-paris and 15 per cent, of flour, 
moistened with a solution of sal-ammoniac. An annulus 
of double canvas, I, having a large mesh, is placed above 
the ^5ste, and this in turn is covered with a layer of ground 



I'lO. 1.31. — Section of Obach Cell. 

AmCardboard caM. H>» Bituminous seal. 

C» Carbon, T, >= Positive terminal 

B=« Insulating laj-er. T**sNegative terminal. 

F= Depolarising pa te. V«Vcnttube.* 

G=a White paste. Z—Zlnc. 

cork, J, and a second annulus of paper, K. The zinc 
vessel is protected and insulated by a closely fitting card- 
board case, A, having a thick base, B. This case extends 
higher than the zinc, which is entirely hidden by the bitu- 
minous seal H, and is therefore safe from accidental short 
circuit. Contact is made with the zinc by means of an 
insulated copper wire, Tj, soldered to it. Two small glass 
vent tubes, one of which is shown at V, are provided lot 
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the escape of gases. Contact with the carbon is effected 
by the terminal screw which is fixed in a vertical hole 
drilled into the top of the carbon. This hole is enlarged 
at the bottom, and the screw is run in with an alloy of two 
parts of bismuth to one part of tin, which expands on 
solidifpng. A nut, M, is screwed down on to the alloy, 
and is further held in its place by the bituminous seal. 
Connections are made by means of the upper terminal nut 
in the usual way. The square cells have the same con- 
struction, except that the zinc containing- vessel is square, 
as is also the depolariser which surrounds the carbon. 

In Figs. 132 and 133 are reproduced some curves which 
were kindly furnished by Messrs. Siemens Bros. The former 
shows the polarisation which takes place when a cell, size B, 
is closed through a resistance of 5 ohms for one hour, and 
also the recovery of the E.M.F. during the followmg hour. 
A similar diagram was given in Fig. 38. The curves in 
Fig. 133 show the character of the discharge obtained from 
various-sized cells on a 10-ohm circuit. 

The dimensions, weight, and approximate interna] 
re; istance of these cells, as given by the makers, are shown 
in Table T. 

Table I. — Particulars of Obach Dry Cells. 


Size. 

Approximate 
overall dimensiona. 
(Including terminal.) 

Approximate 
weight of 
complete cell. 

Internal 

resistance. 


M 

Inches high. 

4| dia.xOf 

9 lb. 1 oz. 

About. 
O'lO ohm. 

Round 

CeUs*^ 

A 

3^ dia.xS 

4 lb. 0 oz. 

0-15 

n 


2 lb. 6 oz. 

0-20 „ 

c 

2f dia. x6 

1 lb. 6 oz. 

0*25 „ 



2 dia. x 6 

0 lb. 14 oz. 

0-30 „ 



i 4Ax4*x8i 

9 lb. 10 oz. 

016 „ 


N 

3| x3j xTJ 

51b. Ooz. 

015 „ 

Square^ 

CellB^ 

0 

! 2Hx2^x6| 

3 lb. 0 oz. 

0*20 

P 

2i x2i x6| 

1 lb. 14 oz. 

0-25 

Q 

: " 2 X2 x6] 

1 lb. 6 oz. 

0-26 „ 


R 

l»Xl»X5 

Olb. 14 oz. 

0^30 „ 


S 

1 ij-xii x4j 

01b. 10 oz. 

0-60 

„ 

J 

' u Xlj x3f 

0 lb. 6 oz. 

0*50 „ 
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The largest of these cells is suitable for supplying a 
considerable current, such as that required for small glow 
lamps, ai d has been used in the well-known penny-in-tbe- 


Minutes. 



Minutes. 

Fig. 132.— Test of an Obach Dry Cell, Size B (2^ in. diameterxTJ in. 
overall, eight 2 lb. G oz.), closed through 6 ohms for one hour. 



Days. 

Fig. 133. — ^Discharge Curves of Obach Cells, closed through 10 ohms. 

slot mutoscope machmes for illuminating the photographs. 
Sizes B and 0 are usually employed on bell circuits. 
Smaller cells than those mentioned in the above table are 
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also made, and are useful for medical work and on circuits 
where the current required is very small. 

THE HELLESEN CELL,— This cell, which is also manu- 
factured by Messrs. Siemens Bros. & Co., was one of the 
first to be commercially successful. It costs somewhat 
less than the Obach, and size for size it has a smaller output. 
It is shown in section in Fig. 134. The zinc contaiiiiiig- 



Fig. 134.— Section of Hellesen Ceil. 

A «= Cardboard case. H-BltumlEousseaL 

C— Carbon. Tj = Positive temiinaL 

B^liiflulatinR layer. Tj^Negative terminal. 

F— Depolarising p«3te. V = Vent tube. 

G *= ^ bite paste. Z= Zinc, 

vessel Z is cylindrical, and is covered at the bottom on the 
inside with a thin layer, E, of a bituminous insulating 
compound. The carbon rod C, which is round, is sur- 
rounded by the depolarising mixture F ; this is held in 
position by canvas, forming a “ sack element.’’ The space 
between the depolariser and the zinc is filled in with a white 
paste, G. The zinc vessel is sealed with plaster-of-paris, J, 
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and is provided with vent holes, K. Protection is afforded 
to the zinc by a loosely-fitting square cardboard case, A. 
Since the zinc vessel is cylindrical, there is a good deal of 
waste space in the cardboard case, which is filled up with 
sawdust, S. The cell is finished off in the usual way with 
a bituminous seal, H, which also fills in the top of the outer 
o^e. A vent tube, V, passes through this seal into the 
sawdust, but there is no tube passing into the cell proper. 
Any gas that is formed diffuses through the plaster, [jasses 
through the holes K, and thence down through the sawdust 
to the vent tube. The terminal screw is fitted into the 
carbon in the same way as in the Obach cell. 

THE E.0.0. OELL. — This cell was originally made by the 
Electric Construction Co., as indicated by its name, and 
was later supplied by the E.P.S. Co,, now amalgamated with 
Pritchett & Gold. It is now manufactured by the Edison & 
Swan Co., but under a new patent, being made under 
H. W. Butler’s patent, No. 29,065 of 1904. The patented 
process is briefly as follows : With the object of improving 
the capacity and preventing evaporation, the mass be- 
tween the depolariser and the zinc is made of a starchy 
substance (which becomes jellified or gelatinised by the 
action of heat and moisture), together with a material such 
as cement or plaster to give the necessary consistency. 
For example, the mixture may be made Of 20 parts of plaster* 
of-paris, G parts of ground maize and 12 parts of sal-am- 
moniac, with sufficient water to make it into a creamy paste. 
To this there may be added, say, three parts of zinc chloride. 
By means of a plunger this mixture is pressed into the zinc 
containing vessel, so as to form a lining. When it has set 
into a porous semi-solid mass, the plunger is withdrawn 
and the lining is cooked by bringing steam into contact 
therewith ; it is then allowed to cool, the carbon is inserted 
and the depojariser is rammed into position. 
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A section of the cell is shown in Fig. 135. The carbon is 
flat, and is surrounded by the depolarising paste F. The 
special porous lining is seen at G, and is carried down as a 
thin layer under the depolariser, there being an insulating 
disc at the bottom of the cell. It will be noticed that the 
depolariser is kept well down below the top of the porous 
lining. The cell is finished off with a thick layer of sawdust, 
S, above which is a layer of waxed paper ; the latter carries 



Fio. 136.— Section of E.C.C. Cell 


A<= Cardboard case. 
Carbon. 

F= Depolarising paste. 
0= White Paste. 

H-a Bituminous seal. 
jaoLayer of waxed paper. 


S= Sawdust. 

Ti== Positive terminal. 
T 2 = Negative terminal. 
V=Vent tube. 
2=>Zinc. 


the bituminous seal which makes a joint with both the zinc 
container aind the cardboard case. A vent tube is provided. 

THE Q.E.O. OELL. — The construction of the G.E.C. 
cell, which is made by the General Electric Co. (England), 
is shown by Fig. 136. A zinc container, Z, is used as the 
electro-positive element. The carbon, C, is a flat plate, 
,which is surrounded by a cylinder, F, of depoharising paste 
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of carbon and manganese peroxide, and this in tuni li 
surrounded by the white exciting paste, G, filling up the 
space between the dept lariser and the zinc. The exciting 
paste consists chiefly of plaster-of-parls and sal-ammoniac. 
The bottom of the zinc pot is protected from the depolariser 
by an insulating layer, and it will be noticed that the carbon 
is not carried right down. Above the paste is a layer of 



Fig, 136 .— Section of G.E.C, Cell. 


A= Card board case. 
C- Carbon. 

E= Insulating layer. 
F- Depolarising. 
G— White paste. 

H** Bituminous seal. 


S-= Sawdust. 

Zi- Positive terminal. 
Tj ■ Negative terminal 
V- Vent tube, 

Z - Zinc. 


sawdust, S, and above this a bituminous seal, H, through 
which passes a vent tube, V. The arrangement of the 
terminals T^ and T.^ is clear from the figure, the former 
being a common type of brass terminal and the latter an 
enamelled copper wire, A cardboard case, A, gives general 
protection. ^ 


P.D. in VdLis. 
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Curves of discharge, kindly supplied to the author by 
the General Electric Co., are given in Fig. 137, and refer to 
Nos. 1 and 2 round cells. 



Fio. 137. — Discharge Curves of G.E.C. Dry Cells. Continuous discharg 
through 10 ohms external resistance. 

No. 1. — 7i overall X 3i diam. 

.. 2-61 „ X2* * 

Particulars of the more general sizes of G.Ii.C. dry cells 
are given in Table II. 


Table TL-^Particulars of QJE.C. Dry Celh. 


Size. 

Height 
over all. 

Section. 

Internal 

resistance. 

Approximate 

capacity. 

1 round 

7} in. 

3^ in. diam. 

0-10 ohm. 

60 amp.-hrs. 

2 


2i „ 

016 „ 

25 

3 


2i .. 

0-20 „ 

12 

00 square 

n » 

in. sq. 

010 „ 

120 

1 „ 

7i n 

n M 1 

0*10 „ 

70 

2 „ 



0*15 „ 

34 

3 „ 

H » 

2i .. 

0-20 „ 

15 

4 

' 

H « 1 

1 0-30 „ 

5 


THE DAKIA OELL, — This cell, which is manufactured 
by the Atlas Carbon & Battery Co., of London, differs from 



DRJ GELUS, 


those previously described in that the white electrolyte 
paste is replaced by a gelatinous electrolyte. The con- 
struction will be seen from the section in Fig. 138. Only a 
small layer of sawdust is used, and this is separated by 
impregnated paper from the electrolyte below and the seal 



Fig. 138. — Section of Dania Cell 


A -Cardboard case. 

C= Carbon 
E-lnsuJating layer. 
F=Depolansing paste In sack. 
G=» Gelatinous electrolyte. 

H* Bituminous seal. 


J- Paraffined paper. 
S— Sawdust. 

Ti=* Positive terminal. 
T2= Negative terminal. 
V=Vent tube. 
Z=»Zinc. 


above. The carbon, which is round, is provided with a 
lead cap, and the carbon element is in the form of a sack. 
The cell is made in a number of sizes. • 

THE MANCHESTBE CELL, which is supplied by Messrs. 
Baxendale, is similar in construction to the Dania cell. 

THE E.B. CELL.— The E.S. cell is supplied by fhe 
Associated Battery Co., of London. Its main features are 
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shown in Fig. 139. Points of interest are that there is no 
insulating layer at the bottom of the zinc container ; there 
appears to be no vent ; and the seal is a double one, con- 
sisting first of sulphur and then a resinous layer. 



Fig. 139.~Section of E.S. Cell. 

A*= Cardboard case. K- Resinous seal 

C-Carbon (IJ in.x in ) Tr-- Positive terminal 

F^Defolarising paste. T 2 -Negative terminal. 

G~ White paste. 2= Zinc. 

H* Layer of sulphur. 

THE LESSING CELL,— The cell devised by Lessing 
differs from those hitherto described in that the containmg 
vessel is not the zinc plate of the cell, but is an opal glass 
jar. This has the disadvantage that the cell is more liable 
to be injured, but the zinc is made more simply, being in 
the form of a cylindrical sheet, part of which extends 
beyond the seal so as to carry the negative binding 
screw Tj (see Fig. 140). The zinc is coated on the outside 
with black insulating varnish. The carbon plate C, which 
is shown edgeways in the Figure, is made unusuaUy wide, 
so that the depolarising mixture, F, practically forms a 
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semi-cylinder on each side of it, leaving the edges exposed. 
This mixture is kept in place by being wound round with 
canvas. A white paste, G, fills up the space between the 
depolarising paste and the zinc, and also any space between 
the zinc and the containing jar. The paste is covered with 
a thick layer of sawdust, S, above which is a protecting 



Fia. 140. — Section of LesBing CcH. 

A-=Olftw Coatainlug Vessel. Ti^Pwitke terminal. 
Oz:-- Carlwa. Ta-Negative terminal. 

F= Depolarising Paste. V=Veut*Tube, 

O = White Paste. 'A^'/Anc. 

Bituminous Sea’. 


layer of a white porous material, J, and finally tliQ ordinary 
bituminous seal, through which there passes a metallic 
vent tube, V. Both terminals are of the screw tyi^y held 
in position by a nut.* 


♦ The deacription of this cell remains as it was in the last edition of this 
work owing to the impossibility (due to the European war) of obtaining 
further infoimatlhn at the time of revision. 
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THE LE OAEBONE iHUDSON) CELL— There are some 
noticeable differences between the cell made by Le 
Carbone and those previously described. Thus, a black 
glass jar is used as the containing vessel, the zinc being 
merely a sheet bent into cylindrical form, on the lines of the 
Lessing cell. The zinc is kept spaced away from the sack 
element by means of vertical pieces of cord tied on the latter. 
Instead of a white paste, a gelatinous electrolyte is used, 



Fig, 141.— Section of Le Carbone (Hudson) Cell 

A=Glassiar. S= Sawdust 

Sack element Ti-== Positive terminal. , 

C« Carbon. T2= Negative terminal ’ 

C~ Gelatinous electrolyte. V= Vent tube. 

H = Bituminous seal. Z== Zinc. 

'J — Layer of wax. 


and fills up the intervening space between the sack and the 
containing jar. There is a tin layer of wax between the 
gelatinous electrolyte and the sawdust, but the bituminous 
seal appears to be poured directly upon the sawdust. Details 
of this cell are shown in Fig. 141. 
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THE R. & R. 0BLL.--Thi8 cell, which is made by Messrs. 
Rylander and Rudolphs, oi Henriksdal, Swedm, is inter- 
estinst in that it depends to some extent on atmospheric 
oxygen for its depolarising qualities. B'rom Fig. 142 it will 
be seen that a hollow carbon is used for this purpose. Ihe 
cell is sci^are, and the carbon element is made up in sack 
foim of square section, the top and bottom being strength- 
ened by cardboard. Round the carbon element is a gela- 
tinous electrolyte. The zinc containing-vessel acts as one 



A~Cardboard case. 

C-- Carbon. 

El, £2= Layers of cardbor« 
F— Depolanser in sac'' 
Gelatinous electroiyt*. 


H=- Bituminous seat. 
Ti — Posrtive terminal, 
T2- Negative terminal, 
2 - Zinc. 


electrode, ami is protected externally by a cardboard case. 
It is noticeable that the zinc container only extends np to 
the under side of the seal. The latter makes a joint with 
the cardboard case above the zinc container. There is no 
vent. The terminal Tj is fi.xed away from the container ; 
it is connected thereto by a strip of zinc, and is embedded in 
the seal, as gl'own by the detail to the right of fig. 142. The 
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other terminal is carried by a ring of sheet brass which is 
forced on to the conical end of the carbon. The cell is 
stocked with the carbon well corked. 

The possibility of atmospheric oxygen playing a part in 
supplementing the available oxygen in the manganese 
peroxide in the Leclanche type of cell seems to have been 
pointed out by Holst ; but Rudolphs appears to have been 
the first to devise a dry cell in which this idea is put seriously 
into practice. In Fig. 143 are reproduced two curves pub- 
lished by the makers of the R.R. cell, showing the gain that 
is found when the carbon is left open. The curve A refers 



Days. 

Fli!. 143. — Disc hnige Curves of R. & R. Cell, showing the effect of 
atmosphorio absorption. 


Continuous discharge through 10 ohms external resistance. 

to the case when the carbon is left corked. Under these 
conditions the P.D. fell to 0-75 volt in 18 days. On the 
other hand, when the top of the carbon was left open, this 
limit h^ not been reached after 55 days. It is therefore 
concluded that atmospheric oxygen plays an important 
part. The effect becomes increasingly important as the 
manganese peroxide is reduced by the action of the cell. 
Without, however, knowing precisely how the maker’s 
experiments were carried out it is only possible to discuss 
the point briefly. 
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THE BLUE BELL CELL. —Passing now to American 
celk, we find that a cheaper form of construction is generally 
adopted in the United States. Thus, a sack element is no 
longer used and an electrolyte paste is omitted, its place 
being taken simply by a layer or two of absorbent paper, as 
mentioned earlier in this chapter. 

In the Blue Bell cell, which is used exclusively by the 
Western Electric Co. for their telephone work, these features 



Fig. 144.— Section of Blue Bell CeU. 

A=»Card board case. Bituminous seal. 

C«=CarVion. S«*Layerof sand. 

E=Three layers of pulpboard. Ti»*Positfve terminal. 

F=Depolarising paste. T|“Negative terminal 

G= Absorbent paper. 2=“Zinc. 


are evident, as seen by the section m Fig. 144. Thj carbon 
is of the unusual form shown in the small section on the 
right-hand side of this figure, the idea being, presumably, 
that better contact is thus obtained with the depolarising 
paste. The zinc case is provided with a small aoom-head 
post with screw terminal instead of a wire. The absorbait 
paper which linp the zinc is folded down over the top of the 
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depolariser paste ; and this is covered with a layer of fine 
sand, over which the bituminous seal is poured. No vent 
appears to be provided in th‘s cell. 

Test curves of the Blue Bell cell, as obtained by the 
National Physical Laboratory, are reproduced in Fig. 145, 



Day's Discharge. 

Fig. 146. — Discharge Curves of Blue Bell Cell. (Natural Physical 
Laboratory — 6 cells.) 


Intermittent teat on 5 ohms for 6 hours per day ; resting the other 18 hours and also 
resting on Saturdays and Sundays. 

Size of Cell . ^ ^ ^ ^ before beginning of Daily Discharge. 

Vb =P.D. at beginning of Daily Discharge. 

V* = P.D. at end of Daily Discharge. 


and are of interest as showing the capabilities of a cell^f 
this kind on a test designed for telephonic purposes. 

fHE COLUMBIA CELL.— This cell is one of the best 
known American dry cells, and is made by the National 
Carbon Co., of CleveiaD.d. Ohio. From the section shown 



in Fig. 146 it is seen tiiat the zinc container Is lined with 
absorbent pulpboard, and this is made to surround the 
depolarising paste entirely. The cell is finished off, first, 
with a layer of sawdust, over which is an air space, then a 
layer of sand, and finally a bituniinous seal. The air space 
is maintained by a collar punched out of corrugated paper, 
and serves as a reservoir into which surplus electrolyte can 



Pig. 140. Section of Columbia Cell 


AssCardboard case. 
C=Carbon. 

E= Layers of pulpboard. 
F=Depolansmg paste. 
G»= Absorbent pulpboard. 
H = Bituminous s«al. 


S,*- Layer of sawdust. 

Sj— Corrugated cardboard oollai 
St— Layer of sand. 

Ti- Positive terminal. 

Negative terminal. 

Z^Zinc. 


be forced when heavy currents are taken. When the dis- 
charge stops, the electrolyte runs back. The air space 
takes the place of a vent. 

THE JOVE CELL, —This cell, again, is of American 
manufacture, being supplied by Messrs. J. H. Bunnell & Co., 
of New York. The main features are shown in Fig. 147 . It 
is noticeable that the absorbent paper lining to the zinc case 
is not folded down over the top of the depolarising paste. 
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A little sawdust is sprinkled over the top of the latter, and 
then the bituminous seal is run in without protection. 
There appears to be no vent. The round carbon terminates 
in a brass cap which carries the terminal. 



Fw. 147. — Section of Jove Cell. 

A-«Cardboard case. H= Bituminous seal, 

B= Brass terminal cap, round. S== Sprinkling of sawdust. 

C*-Carbon. Ti*= Positive terminal. 

E= Layers of cardboard. T2= Negative terminal. 

F=«= Depolarising paste. Z— Zinc, 

G= Absorbent paper. 

THE MASCOT CELL is another American dry cell sup- 
plied by the same makers, Messrs. J. H. Bunnell & Co. 

DESICCATED CELLS. 

It is well recognised that dry cells deteriorate if they are 
in a hot place considerably more quickly than if kept in a 
place thal is cool. It is not surprising, therefore, that such 
cells are found less satisfactory in tropical than in temperate 
climates. For this reason cells have been densed which 
are not only dry by name but dry in actuality, and may thus 
be called desiccated cells. Substantially, these cells are 
dry cells in which powders are used instead of pastes. Con- 
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sequently, they can be kept indefinitely without deteriora- 
tion, and when they are required tor use the necessary water 
can be added. This is a very great advantage ; but, on the 
other hand, such cells do not in all cases have as long a life 
as the corresponding dry cells. 

THE “EXTEA SEC” CELL.— This cell, which is made 
by the General Electric Co., may be described as a G.E.C. 
dry cell modified to take advantage of the above principles. 



Fio. 148.— Section of the 

A=Cardboarcl case. 

B= Insulating layer. 

C— Carbon tube. 

F=* Depolarising paste 
G- Layer of absorbent paper. 


Extra Sec ” Cell 
H=» Bituminous seal. 
K=“ Rubber cork. 
T,=Po3itlve terminal. 
Tj== Negative terminal. 
2«Zmc. 


A section of the cell is shown in Fig. 148. A tendency 
towards American practice is seen in that a thick layer of 
absorbent paper is used for lining the zinc contaiifer. The 
space between the paper and the carbon is filled with the 
depolarising mixture. The carbon is in the form of a per- 
forated carbon tube, so that when water is poured into this 
tube it percolates through the perforations and saturates 
the depolarising mixture ; the latter is made up withexcitiag 
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salts, 80 that the necessary electrolyte is produced when the 
water is adde 1 . 

According to data published by the Company, the life of 
this cell is not so high as that of the corresponding dry cell. 
As to what is the explanalioji of this shorter life it is difficult 
to say with certainty. Possibly it may be due to the fact 
that the lower oxide produced by the reduction of the 
manganese peroxide is more bulky. Since the paper is 
much less 3dekling than the white paste or gelatinous elec- 
trolyte used in dry cells, the resulting pressure may be high 
enough to force the moisture out of the pa].>er and to form 
the impurities from the zinc into a layer of somewhat high 
resistance, thus shortening the life. 



FuJ. 149, — Section of tJhe Bum CeU. ^ 

' A—Canib^iid c.ise. K- Cork storP<*r 

B- Sack fit men t T| Positive tcrmin al. 

C«-' CarU^ri T. - Negative term in al. 

Excitant powder. V--Vent tube 

H*" Cork seal. Z=fZinc 

THE DURA OELIi. — The Dura cell, which ia made under 
a patent by Messrs, Siemens Brothers & Co., is more of the 
wet-oell type. As will be seen from Fig. 149, a sack form 
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01 caroon element is used, and the space between this and 
the zinc container is filled with a powder consisting of 
ammonium chloride and a gelatinoiLs substance which forms 
a paste when moistened. There is a considerable space 
between the top of the sack and the seal. The latter con- 
sists of two layers of cork, the lower one of which closes the 
zinc vessel and the upper one the outer case, the space 
between these two layers being filled with a resinoas material. 
A vent tube is provided, afid also a corked tube, through 
which water is added. The cell is charged by pouring in 
water until the cell is full. It is then allowed to stand for a 
few hours, when any water that has not been absorbed is 
shaken out and the tube is re-corked. 



Fig. 150. — Section of H.2.0 Cell 


A « Glass jar. 

B*= Layer of compound. 
Cl "Sack element. 

Cl -» Carbon. 

Di" Porcelain base. 


Di" Porcelain ring. 

£" Rubber ring. 

G" Excitant crystals. 

H -- Bituminous seal. 

J" Waxed cardboard washer. 


K»Cork. 

Ti "Positive termlna 
Ti "Negative termim 
V" Vent tube. 


THE 12.0 CELL.— This cell, which is rather more com- 
plicated in its construction than the other examples here 
described, is made by the Ediswan Co. As shown by Fig. 1 50, 
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a glass jar is used as a container. Into the bottom of the 
jar is run a little bituminous compound, which serves to fix a 
porcelain cup. The latter acts as a support for the sack 
element. The cylindrical zinc is separated from the sack at 
the bottom by the porcelain cup, and at the top by a rubber 
ring. Above the sack is a porcelain ring, which carries a 
waxed cardboard washer for supporting the bituminous 
seal. A vent tube is provided in the seal. An unusual 
feature is the strip terminal connection to the zinc, which is 
of lead ; the other terminal is fixed by means of a brass cap. 
The cell contains a certain quantity of crystals and only 
requires the addition of water. 



FiO. 151. — Section of the Reliable Cell 


B«» Sack element. 
Carbon. 

fifsa Insulating layer. 
F»Turkish towelling. 
G-a Excitant crystals. 
H =« Bituminous seal. 
K— Corkstopper. 


S== Sawdust. 

T| == Positive terminal, 

T*= Negative terminal 
V=? Vent tube. 

Y=» Galvanised -iron containei. 
Z=2inc. 


THB EEIiIABLE OBLL. — This cell is made by the 
Associated Battery Co., and has some unusual featuree. 
The container is of galvanised iron instead of zinc, and is 
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covered on the outside with a paj)er wrapper. It is pro- 
tected internally at the bottom by a thick bituminous layer, 
and the walls are also protected by a bituminous coating. 
This container is rectangular in section. The carbon 
element is in the form of a sack, and surrounding this is a 
cylindrical sheet of zbic. Between the sack and the zinc 
Is a layer of Turkish towelling, and the space between the 
zinc and the container is packed with excitant crystals. 
The cell is finished off with a layer of sawdast, then some 
thin canvas and finally a bituminous seal, through which 
there is a corked a|>erturc on the one side and a vent on the 
other, as seen in Fig, 151. 



Fig. ] 62 . —Section of the W.O. Cell. 


B— Sack element. 
C=Carbon. 

G= Excitant crystals. 
H=« Bituminous seal. 
K=Cork stopper. 


Ti “^Positive terminal 
T2 = Negative terminal 
W- Sheet of paper. 

Y =■ Earthenware jar. 
Z*Zinc.- 


THE W.O. 0BLL.--The W.O. cell, which is made by the 
Atlas Carbon & Battery Co., differs from the cell last de- 
scribed in that an earthenware jar is used as the container. 
The sack element is surrounded by a cylindrical sheet of 
zinc, and between the two is a sheet of paper. This space 
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also contains exciting salts. The cell is finished off with a 
layer of sawdust and a bituminous seal, there being a layer 
of cardboard both above and below the sawdust. No vent 
is provided. A section of the cell is given in Fig. 152. 

THE BURN-BOSTON CELL.— This cell is an American 
example of the dessicatcd type, being made by the Burn- 



Fio, 153. — Section of Burn-Boston Cell 

A«» Paper CISC. H= Seal 

B^Zuic container. J — Filling tube, 

-Sack element. , M Medicine dropper. 

M-^Carbon. Ti - Positive terminal 

Insulating layer. T*> -Negative terminal 

G«- Electrolyte. Z~Zinc element 

Boston Battery & Mfg. Works, of Boston. The con- 
struction is shown in Fig. 153. The zinc containing- vessel, 
which is of the square form, is protected externally by a 
waterproof paper cover and is coated internally with an 
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luouliti/iujij uuuipuuiiu, SO that it takes no part in the voltaic 
action, and consequently is not subject to corrosion. A 
separate zinc plate is provided. The carbon element is of 
the sack form, and the cell is completed by a bituminous 
seal which carries a tube. This is closed by a cap having a 
pinhole vent at the top. Tlie cell is sent out containing the 
necessary exciting salts, and is filled with water by means 



0 1,000 2,000 3,000 4,000 5,000 6,000 7.000 8 000 

Hours. 


Fio. 154 — Discharge Curve of Bum-Boston Cell on Standard Telephone 
Test of the American Electrochemical Society. (Electrical Testing 
Laboratories. ) 


of a medicine dropper, as shown. There should *be an air 
space above the carbon element. The simplest way of 
filling is, therefore, to run in a little too much water and then 
remove as much as possible by the medicine dropper. 

The cell can be recharged by running out the solution and 
filling with electrolyte, as distinct from water. Oils are 
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ako being made in which the zinc and carbon can be re- 
newed. For this purpose, a cork cover is used in place of 
the seal, and makes a tight joint with the carbon and con- 
tainer. 

A test of Bum- Boston cells by the Electrical Testing 
Laboratories of New York, according to the standard 
telephone test of the American Electrochemical Society, is 
given in Fig. 154, 

An unusually long deterioration test (four years) of these 
cells has been made by the Bay State Street Bailway Co. 
(U.S.A.) and is reproduced as a diagram in Fig. 155. From 
this it will be seen that the deterioration is very slight. 
These tests refer to a cell which was filled at the beginning 
of the period and left untouched thereafter. 

In this connection it should be noted that some dessicated 
cells, when filled with water, become equivalent to dry cells, 
whereas others are more truly described as wet cells, and 
the characteristics will, therefore, vary accordingly. The 
Burn- Boston cell tends to the wet type, and consequently 
the deterioration with age should be very small (as it is), 
provided, of course, that evaporation of the electrolyte can 
be avoided, or that this liquid is of such a nature that it 
maintains its strength constant by the inclusion of suitable 
deliquescent materials. 

OOMPAEISON OF WET AND DRY CELLS ~A com- 
parison of the performances of wet and dry Leclanch6 cells 
reveals the fact that dry cells are superior from the point of 
view of capacity for a given weight. In order to obtain such 
a comparison it is, perhaps, best to rely upon the data given 
in any one maker’s list (rather than on a variety of tests) so 
as to compare cells which are presumably of the same 
standard of manufacture for all types and are, therefore, 
fairly comparable. The following table has been prepared 
on this basis, cells of the General Electric Oo^ bemg selected 
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for the purpose. The weight of wet cells can only be stated 
very approximately, as this varies with the amount of, and 
strength of, the electrolyte. By “ useful life ” is meant the 
number of days taken for the voltage of the cell to fall to 
0-75 volt when run continuously on a 10-ohm circuit. The 
last column gives the figure obtained by dividing the useful 
life by the weight of the cell, or, in other words, the life 
per pound. 

Table III. — Comparison of Wet and Dry Cells. 


Type of Cell. 

Weight. 

(Approx) 

Size. j 

(Overall.) j 

Useful 
life in 
days. 

Useful 

life 

weight. 

Porous Pot I^oolanch^ (pint)...| 

Wet Cells. 

2|11). 3rx3f xOJ*| 

34 

13 

Carporous (pint) j 

4|lb. 1 

4"x4"x71" 

4 

0-95 

Carsak (pint) 1 

4111). ! 

4"X4"X7|" 

15 

3*5 

Porous l*ot Leclanch^ (quart) j 

4|lb. 

3^"x3rx7f 

n 

1-6 

Agi?lomerato Block (quart) ...1 

41b. 

3rx 3:5X71" 

H 

M 

Carporous (quart) 

1 6 lb. 

4fx4J'x8r 

11 

U8 

Carsak (quart) 

' «llb. 

4i"x41"x7r 

4rx4i"x8r 

39 

6-2 

Porous Pot L(?clanch4 (3 -pint) 

i 7 lb. 

171 

25 

AgK^oraoratc Block (3 -pint)... 

! 

4rx4rx8:r 

104 

1-7 

(1- Block Agglomerate (3-pint) 

, 1111b. 

b"fliam. x94" 

171 

1-6 

Carporous (3 -pint) 

81b. 

4f"x4f"x«f 

16 

20 

Carsak (3 -pint) 

1 8|lb. 

4f x4|"x88" 

81 

93 

No. 3 G.E.C. square 

Dry Cells. 

|llb. lloz.'21''sq.x5|^high 

n 

44 

No. 2 G.E.C. square 

21b. 12oz.j2g'^8q. x 6f "high 

151 

5-6 

No. 1 G.E.C. square 

1 51b. 

|31"8q.x7|"high 

32 

64 


From these figures can be seen the great advantage of the 
sack form of cell over the other types of wet cell. Agglo- 
merate cells do not show up so well as the ordinary porous 
pot cells on this basis. It is noticeable that the dry cells 
are much superior to the wet cells, and that this superiority 
is obtain^ with a smaller weight. Thus, the No. 1 dry cell 
weighs only 51b., whereas the average 3-pint wet cell 
weighs 81b. and gives a considerably less efficient result. 
The No. 1 dry cell has about the same weight as the average 
quart-size wet cell. It is seen that the efficiency in all 
types generally increases with the size of cell. 
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In the matter of first cost, wet cells generally have an 
advantage. For example, the list price of a No. 1 G.E.C. 
cell is 3s., whereas the prices of the 3-pint wet cells are 
Is. l()|d., 28. 3d. and 3s. 9d. for a porous pot cell, an agglo- 
merate block, and a carporous respectively. The price of 
a 6-block agglomerate is 5s. <kl., but that of a 3-pint Carsak 
cell is only 3s. 

A dry cell has the disadvantage that when it is ex- 
haasted it is of no further use and must be thrown away, 
unless the manufacturing company makes an allowance 
for old cells, which is sometimes the case. Wet cells can, 
of course, be re-charged when exhausted. But, as shown 
in Chapter VIII., the mere addition of fresh electrolyte doe.> 
very little to put new life into an exhausted cell. It is 
necassary to renew the depolarising material as well, and 
not infrequently the zinc also. Consequently the supposed 
advantage of being able to re-charge a cell is not a very 
great one, and, on the other hand, the dry cell is greatly 
superior in that it is always ready for use and is exceedingly 
easy to handle. 


TESTING DRY CELLS. 

The testing of dry cells has assumed some importance as 
a distinct branch of cell testing owing to the fact that these 
cells are used in enormous quantities and for very different 
classes of service. For this reason a good deal of attention 
has been given to the subject. 

The object of tests is generally to obtam comparative 
results, so that one kind of cell may be compared with 
another, or so that different batches of the same kind of cell 
may be compared so as to ensure a certain standard of 
manufacture. Unfortunately, different kinds of tests do 
not always lead to the same comparative results, and there- 
fore a test should be selected havmg some relation to the 
character of the work for which the cell is required. Thus 
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for some purposes an intermittent test may be preferable 
to a continuous test. It need scarcely be remarked that 
the precise service conditions under which a cell is to be used 
can rarely if ever be reproduced as test conditions, and even 
if they could the test would be too prolonged to be useful 
But it is desirable to be able to deduce the life in service 
from the life on test with some show of probability. 

Apart from comparative life testa, other tests are used to 
determine whether a cell is in good condition and whether 
it deteriorates on open circuit. 

TESTS TO DETERMINE THE CONDITION OF A CELL 
BEFORE USE. — These tests include the measurement of 
E.M.F. (which should be not less than 1-5 to 1-6 volts) and 
internal resistance. Such informal ion is not of any great 
value, and sufficient has been said on these measurements 
in a previous chapter to afford a guide in the present tests. 

A third test is what is known as the Short Circuit Test. 
It is in common use in the United States, but it has been 
subjected to a great deal of criticism on the ground that 
it may be harmful to the cell and gives information of only 
doubtful value. Taking the average American cell, which 
is 6 in. high by in. diameter, it is found that the current 
on short-circuit, when the cell is new and good, varies from 
18 to 25 amperes. Inferior cells give currents as low as 10 
amperes. This remark, however, does not apply to English 
cells. American practice and English practice differ so 
much that the product of these countries cannot well be 
compared. In the former everything seems to be sacrificed 
to high initial current, whereas in this country the best 
qualities and preparations of materials are selected with a 
view to producing a cell with the longest useful life. •A 
current ranging from 5 amperes in the middle sizes to 12 
amperes in the large sizes is undoubtedly suflSciently high 
for ordinary requirements, and dry cells can be made which 
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give SUCH currents on the short-circuit test, and will give 
also a maximum output and possess the useful character- 
istic of maintaining their condition when kept in store for 
a very long time. 

This test gives an easy means of determining if a cell is in 
good condition, provided the behaviour of the particular 
brand of cell is known. It also forms the basis of what is 
called* the Shelf Test. The longer a cell is kept in 
stock the smaller is the short-circuit current. In the 
United States it is considered that the short-circuit current 



Fio. 166. — Variation of Short-Circuit Current with Age of Cell. 

(Hambuechen.) 

should not fall below 10 amperes after storing on the 
shell ”) for about 12 months. The curves in Fig. 156 are 
given by C. Hambuechen* as showing the variation of the 
^ort-circuit current as a cell is stored. • 

For the short-circuit test to have any true meaning it is 
necessary that the ammeter should have a definite resist- 
ance ; otherwise the results might vary with the ammeter 
selected. A committee of the American Electrochemical 


* f raHSdctiom, Anwrican B^ctrochoinical fclociety, VoL XXL, p. 267, 
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Society have recommended that the resistance, including 
the leads, should be 0 01 ohm, correct to within 0 002 ohm. 
Connection must be made by the cell terminals, and it is 
suggested that the maximum swing of the needle should be 
taken as the short-circuit current. This direction should 
scarcely be necessary, as a very dead beat instrument should 
be used and the circuit should be closed only just long 
enough to secure a reading. It is stated to be an advantage 
if the leads terminate in a strip of lead, as this improves the 
contact with the terminals. 

The value of the short-circuit current depends appre- 
ciably upon the temperature. It is found that the current 
rises (for the size of cell above mentioned) by about 1 ampere 
for each 10°C. rise m temperature between 10°C. and 80°C. 
Cells are particularly sensitive in this way at low tem- 
peratures. 

Shelf life is affected considerably by temperature. This 
fact is illustrated by the figures in Table IV., which are given 
by D. L. Ordway.* They refer to cells tested after 
keeping for five months at the temperatures indicated. 

Table TV Effect of Temperature on SMf Life of Cells (6 in. X 2j in. 
diameter). 

Temperature at which Short-circuit current at 

cells were stored. 26*C. after 5 months. 

0“ 18-1 

26*’ 17-4 

60“ 0'6 

75“ 0*4 

There is, therefore, good reason for storing cells in a cool 
place. 

The short-circuit test, although it gives an indication of 
age or defective condition, gives no measure of the service 
capacity. The figures in Table V.,due to D. L. Ordway, I 

* Transactions^ American Electrochemical Societ;^ VoL XVIL, p. 341. 

f Loc. oit. 

< 
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illustrate this point. Here the “ old ” cells were nine 
months old, and the capacity was found by discharging 
continuously on a 2-ohm circuit down to 0-25 volt. 

Table V. — Short-ciratU Current and Service Capacity of New and Old 
Cells. 

N«w Cell*. Old Cells. 

Short-circuit current ... 22-4 amperes ... 3-fi am})erefl. 

“ SeVvice capacity 24-9amjKTe-hour8... 20*2 ampf^re-hrs. 

On the other hand, the short-circuit current obviously 
gives an indication of the internal resistance, and for this 
reason some conclusions may be drawn as to the ingredients 
in the case of a new ceil. For example, if the current is 
unduly high we may conclude that an excessive amount of 
low lesistance carbon or graphite has been included, thus 
reducing the manganese peroxide below the proportion 
which is desirable for good de|)olarisation. But if the 
current Is unduly low it is probable that cheap materials 
have been used. 

The short-circuit test, although commonly used in the 
United States, has not found much favour among English 
manufacturers or users. Dry cells are not intended to give 
large currents, and it is felt that indiscriminate testing by 
short-circuits can do no good to a cell and may do harm. 
Moreover, such a test is not a measure of the life obtain- 
able ; in fact, if the current is above a certain figure the 
output in service will probably be low. 

LIFE TESTS.— There is much to be said for simplicity in 
tests, and for this reason a continuous test, by running 
on, say, 10 ohms, has been popular. Results are sometimes 
stated in ampere-hours or in watt-hours, but generally the 
user is more concerned simply with time. In other words, 
cells are generally used on constant resistance circuits, and^ 
so long as the current is maintained above a certain value 
the result is satisfactory ; but current above this value, and 
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the voltage necessary for this excess, are merely so much 
waste from the user’s point of view. Hence time, rather 
than ampere-hours or watt-hours, is important. 

For some purposes, such as ignition, cells may be tested 
in series, but generally speaking it is preferable to test cells 
singly, rather than in series, because the average obtained by 
the series arrangement is not necessarily the same as the 
average obtained by testing the cells separately and averag- 
ing the results. 

Reliance should not be placed on a small number of tests. 
It the comparison is important it is better to run a series of 
tests over six months or a year. The following results (due 
to W. B. Fritz) of 10 monthly tests on two brands of 
cell illustrate this point : — 

No. of Test I 2 It 4 6 6 7 8 0 10 Average 

Brand A 42 36 38 33 60 45 48 36 66 48 45 0 

Brand B 30 37 24 25 27 40 48 42 40 40 35-3 

On a continuous test the character ot the curve depends 
upon the value of the resistance that is used for the circuit. 
If the resistance is low, say, 2 ohms for an ordinary size cell, 
the voltage falls rapidly because the depolarisation is in- 
sufficient to meet the needs of the case. With a high 
resistance the fall is much less rapid. A low resistance test 
would not be used for testing a cell intended to be used for 
only small currents. 

The effect of an intermittent test is to give a cell time to 
recover and consequently the result obtained is materially 
different from that obtained by a continuous test. This is 
emphasised by the curves in Fig. 157, which are due to 
I>. L. Ordway.f These tests refer to a circuit of 10 ohms, 
the results being obtained with three cells in series on each 

* Re|K)rt of Committee of Ameriosn Electroobemioal Society. Also 
W. B. PritK. Transadionst American Electrochemical Society, Vol XIX., 

p. 31 , mi. 

t Z«e»e.etf. 
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test. Curve A shows a continuous test, whereas curve B 
refers to a test in which the cells were on circuit for five 
minutes in each hour. Only the times the cells were on 
circuit are taken into account in plotting the results, and 
consequently the hours shown are not unduly long. In the 
case of curve C the conditions are the same as for curve B 
except that the test was only run for eight hours per day 
and iof six (or even fewer) days per week, or in other words 
the time for recuperation was increased and the total time 
for the tc^t (including the intervals of rest) was longer. It 
is noticeable that cells on intermittent service are able to 



0 40 80 120 IfeO 200 


Fk 5 . 157. — C'omparieon of Intorniittont and ContinuouB Teste, Three 
t’ells, through 5 ohms Externa) llcsistaucc. (Ordway.) 

Curve A. Continuous Discharge. 

,, B Discharge of 5 minutes in each hour. 

C Do. but for only 8 hours per day and six (sometime* five) days per week. 
The time taken is that actually on circuit. 


stand up better than on continuous use for a considerable 
time, but eventually the position of affairs is reversed. 
Curiou.sly enough, when the intervals arc incrcasefl, as in 
curve C, the result is not so good. This is apparently due 
to the fact that the time of the test is then so far extended 
that deterioration of the cell sets in through ageing, and this 
view is supported by the fact that both curves B and C fall 
more quickly below curve A as the resistance of the circuit 
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is increased (e.jjr., if a circuit of ^ ohms is used instead of 10 
ohms), the duration of the test being thereby extended. It 
must be borne in mind that water is formed in the action of 
a cell and thus a discharge up to a certain value? may be 
beneficial in keeping a cell in condition. Whereas if only 
small discharges are taken at long intervals a cell tends to 
suffer from ageing to a greater extent. 

Similarly, it will be understood that the service capacity 
of a cell depends upon the temperature at which it is used. 
The life is increased by raising the temperature if the service 
is heavy. But if the service is light a low temperature is 
preferable so as to reduce the effect of ageing. This is 
shown by the results in Tabic VI., due to D. L. Ordway.* 
In these tests the cells were discharged down to 0-5 volt, and 
it will be noticed that the temperature at which the maxi- 
mum life is obtained varies with the current taken from the 
cell. 

Table VI. — Effect of Temperature on Life of Cells (6 m.x2| in. diam.) 


Temperature at which Life on Life on 

cells were tested. 2 ohm circuit. 32 ohm circuit, 

0®C. 40 hours 1,800 hours. 

25^0 00 „ 1,550 ,. 

60®C 70 „ 1,250 „ 

65 „ 1,390 „ 


That the comparative results may vary considerably 
according to the test adopted is shown by the results in 
Table VII. These were obtained by S. W. Melsomf at 
the National Physical Laboratory. Four types of cell were 
selected, the size being 7 in. by 2J in. by 2^ in. Four cells 
of each make were submitted to each test. In the Table, 
the typo A is regarded as giving 100 per cent, value and the 
other types are expressed in terms of this. It will be noticed 
that generally, though not always, the order of merit is the 

♦ Loe, eU, 

t TransiictioMt Faraday Society, Vol VIIL, p 1, 1918. 
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TltUe VII .— Capacity of Cells at Various Rates of Discharge 
(S. W. Melsom). (The values are in watt-hours, except where other- 
wise stated. V.B. means P.B. at beginning of daily discharge, 
and V.E. means P.D. at end of daily discharge.) 


Test 

No. 

1 

Colls. 


A. 

B. 

C. 

D. 

1 

5 mim. per hour on 50 ohms to 0-0 volt 

100 

03 

83 

28 


r 

, 5 yiins. pe^r hour on 1 ohm. Colls now. 

100 

50 

43 

7 



Ditto after (i months’ storage i 

100 

58 

60 




Ditto after 12 months’ storage 

100 

53 

42 




Six hours per day on 5 ohms — 







Bv V.E 

100 

71 

08 

47 



By mean of V.B. and V.E. curves ... 

100 

50 

60 

35 



Continuous at 20 milliamiieres — 







By amiK’ire- hours, (’ells new 

100 

43 

30 

30 



By watt-hours. (Vlls new 

100 

45 

40 

20 


L 

By watt -hours after 8 nuuiths’ storage 

100 i 

50 1 

45 

5 


f 

Continuous on 10 ohms — 

i 






To 0’7 volt 

100 1 

75 

53 

60 


1 

To 0-5 volt j 

100 1 

7i 

65 

00 

1 

i 

To 0-7 volt after G months’ storage...! 

100 

50 

44 i 

28 

1 


To 0’7 volt after 12 months’ storage ] 

100 

07 

50 

2 

C 

Continuous on 100 ohms to 0-9 volt... 

100 

. 08 

51 

35 

7 

Continuous on 5(X) ohms to 1*3 volts 

100 

102 

87 

10 


same in all the tests, but the extent to which one type is 
better or worse than another varies a great deal. For 
example, type D was consistently low except in test 5. It 
is evident that some cells show up better on a continuous 
than on an intermittent test, and vice versa. This point is 
emphasised by Table VIII., in which the watt-hours are given 
for the different types. It should be noted that the voltage 
limits are not the same for all the tests, and this in itself will 
cause some differences, but the variations are in many cases 
much greater than can be accounted for in this way* Cells 
A, C and D all give the maximum output on the intermittent 
test of six hours per day, but cell B gives its maximum on a 
continuous test on 100 ohms. 

As to what test should be employed depmds on the nature 
of the work for which the cell is required. A Committee of 

z2 
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TftblO Vin.—* the Effect of Otc Different Tests given in TaI>U VII. 
on the Capacity Expressed in watt-hours. 


Test No. 

j Cells. 






A. 1 

B. 

C. 

D. 

1 

43 

40 

36 

12 

2 

44 

26 

19 

3 

3 

126 

63 

63 

46 

4 

105 

' 47 

42 

31 

5 

' 64 1 

49 

35 

•38“ 

6 

107 

73 

55 

38 

7 

70 

(',6 


... 


the American Electrochemical Society has considered the 
whole question carefully and has recommended a number 
of tests which are given below. 

STANDARD METHODS OF TESTING DRY CELLS. 
(As recommended by the Committee* of the 
American Electrochemical Society.) 

Service Tests TtKcoMMESDED. 

7. Telephone Service. — Discharge three cells, connocled in series, 
through 20 ohms resistance for a period of two minutes, each hour, 
during 24 hours per day and seven days \x5r week, until the closed circuit 
voltage of the battery at the end of a period of contact falls to 2-8 volts. 

The following readings are taken : — 

1. Initial open circuit voltage of the battery. 

2. Initial closed circuit voltage of the battery. 

3. Closed circuit voltage at the end of the first discharged period. 

4. Closed circuit voltage at tho end of a discharged period after three 
days, and weekly thereafter. 

Report the results as the number of days during which the closed 
circuit voltage remains above the limiting value of 2-8 volts. 

Fig. 1 58 shows in diagrammatic form a very convenient and inexpensive 
method of carrying on this tost. 

)Thc le^t-hand portion indicates tho apparatus necessary and itsfcTrange- 
mont. The hand of the clock A revolves once per hour, closing, by 
means of a suitable contact H, the circuit of the battery 1 in turn through 
tho contacts Bj, B„ B, and B4, on the face of the clock. This current 
magnetises in turn tho cores of the relays Cj, C,, C, and causing the 
extended armature arms D to fall, bringing the inverted U-shaped finger* 

• Consisting of Messrs. C. F. Burgess, J. W. Brown, F. H. Loveridge 
»,Ki 0. H. Sharp. 
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F into mercury cups, to which the terminals of the individual teat circuits 
•re connected. Each contact plate B is of such length that two minutes 
arc required for the passage of the contact H. 

At the right of the figure is shown one testing unit, consisting of the 
relay C, the mercury cups into which dip the contact fingers F, and the 
arrangement of the 20-ohm resistance coils G. 




Fifl. 158. —Diagi.im of Arrnngomont for Telephone Test. 

The batteries E are stored under the table on which the various parts 
are fixed. One complete test battery circuit is indicated by the dotted 
lines. 

Fig. 169 shows a representative discharge curve obtained from a battery 
of three in. x 6 in. (G cm. x 15 cm.) cells of a well known brand. The 



-curve passes through the values of the closed circuit voltage at the ends 
of the contact periods. 

The test should be conducted in a dry place, and normal room t'*m* 
{toratuie should begnaintained as closely as possible. 
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22. Ignition Service. — Discharge six cells connected in series through 
16 ohms resistance for two periods of one honr each per day, seven days 
T)er week. The periods should be 11 hours apart, but in cases where the 
circuits are not automatically controlled, the first and the last hour in the 
working day may be chosen for the discharge periods and the discharge 
omitted on Sunday, without materially affecting the results. 

The following readings are taken : — 

1. The initial open circuit voltage and short-circuit current of the 

battery. ,, 

2. The initial closed circuit or w'orking voltage, and the initial impulse 
of current which the battery is ca])able of forcing through a 0-5 ohm coil 
connected in series with an ammeter, and in parallel with the 16 ohm coil. 

3. Closed circuit voltage and impulse current through the 0-5 ohm coil 
at the end of the first period of closure, at the end of the sixth period, at 
the end of the 12th period, and after every 12th period thereafter. 



Fio. 160. — Diagram of Arrangement for Ignition Tost. 


The test is considered completed when the impulse current at the end 
of a period falls below four amperes. Report the results as the number 
of hours of actual discharge to the limiting value of impulse current. 

Fig. 160 shows diagramraatically the arrangement for a single test. 

W^n the number of tests is not large the circuits may easily bo closed 
by hand. When a great many tests are to be made, it is convenient to 
arrange a clock -operated automatic circuit closing device. 

By varying the length or number of discharge periods, the test may be 
made representative of any special oases of ignition. For a good oom- 
parifi<m of the fitness of various cells for general ignition service, however, 
fh© test as given above is to be recommended. 

Particular care should be taken to keep the temperature of ignition 
tost battoiies as nearly constant as possible, as the sO^vioe obtainable is 
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greatly influenoed by this factor, as shown by the following Table in 
which are given the averages of five separate tests conducted at 5, 26, 35, 
45, 65, 66 and 75®C. 

Temperature 6° 25® 36® 46® 65® 65® 76® 

Hours service 31-9 46-3 504 46-2 35-6 29 3 26-0 

The reasons for the adoption of the various constants of this test, viz,, 
number of colls, resistance in main circuit, end point, and resistance in 
ammeter circuit, is fully described in the “ Trans.” Amer. Elcotrochem. 
Soc., Vol 13, p. 178 (1908) ; VoL 17, p. 361 (1910) ; and Vol. 19, p. 43 
(1911). 

Ill, Flashlight Batteries . — Discharge the battery to be tested through 
a resistance of four ohms for every cell in scries, viz., eight ohms for a 
two-cell battery and 12 ohms for a three-ccdl battery, for a period of five 
minutes once each day until the closed circuit voltage at the end of a 
discharge period falls to 0-75 volt per cell, viz., 1 -6 volts for a two-ooll 
and 2-25 volts for a three-cell battery. 

The following readings are taken : — 

1. Initial opcn-circuit voltage and short-circuit current. 

2. Initial closed circuit, or working voltage. 

3. Closed-circuit voltage at the end of the first, third and seventh 
|>eriods of closure, and after each seventh period thereafter. 

Report the results as the number of minutes during which the battery 
was discharged through the resistance to the given end point. 

In case the circuits are not operated mechanically, the res\dts are not 
materially changed if the batteries are discharged only on working days. 

Four ohms per cell is chosen for the resistance in circuit, since the 
tungsten bulbs generally used with a three-ccll battery have a resistance 
of approximately 12 ohms. 

Jdiscellamaus Services . — In addition to the telephone and ignition 
services, which are by far the most important services in which dry cells 
are used, there are numerous other services, among which may bo men- 
tioned the operation of automobile horns, sewing machine motors, small 
fans, toys, massage vibrators, cigar lighters, bells, buzzers, &c. In the 
aggregate these miscellaneous services consume enormous numbers of 
cells, but they are so numerous, and there are such variable conditions 
prevailing in each kind of service, that it would be useless to attempt to 
develop standard tests covering them. 

It is not difficult for anyone particularly interested in ajy special 
service to arrange a suitable test for himself. Care should be taken to 
make the conditions of test, viz., number of cells, resistance in circuit, 
period of drain, &c., approximate those of the service in question. 

OOKSfBUOTION AND TESTS SPEOIHED B7 THE 
BBITIfflt POST ornoa-The general character of the 
oonstraction r^uired by the British Post Office, and the 
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tests which the cells must pass, are set out in the following 
specification 

General. 

The zinc element of the cell to be preferably formed into a rectangular 
or cylindrical case having the metal bottom and the sides so connected, 
mechanically and electricall 3 % that no leakage can take place and the 
electrical efficiency is not impaired, and to be substantially designed to 
withstand ordinary transport and handling without damage and with 
sufficient capacity to retain the contents of the cell without ov^erflow or 
leakage during its full period of life. 

Each C/oll to be fitted w ith a stout cardboard cover, bearing tiie name 
of the manufacturer, the letters O.P.O., and the index-letter {see Table), 
distinguishing the size of the cell. The cover to bo treated with approved 
insulating compound, to ensure the efficient insulation of the cell from 
“earth,” and the cell so constructed as to lie perfectly portable. The 
overall dimensions of each cell to Ix' in accordance with the Table. 

The negative lead to be tinned cop[)er. 

The top of the carbon to be fitted with a brass terminal, of approved 
pattern. 

Each cell to be efficiently sealed and ventilated where necessary ; if, 
for the latter purpose, glass tulie be used, it must not project above the 
surface of the seal. 

The cells to bo constructed in other respects to the satisfaction of the. 
Enginoor-in-Chiof to the Post Office or his repre.stmtafive especially as 
regards suitability of the cells for six months’ storage without appreciable 
local action or deterioration. Six cells of the type which the contractor 
proposes to supply .should be submitted with the tender. 

Tests. 

The E.M.F. of the W, X, Y and Z cells, on open circuit, must lie not 
less than 1«5 volts, and that of the P cells not leas than 3 volts, and must 
not fall more than the percentage indicated in the Table below, after the 
cell has been shunted by a resi.stanco of 2 ohms in the case of the W, X, Y 
and Z colls, and 4 ohms in the case of the P cells, for a period of 
10 minutes. 

The resistance must not exceed that specified in the Table for the 
particular size under test. 

Of the cells delivered, 2 per cent,, drawn at random, will be tested for 
“ electrical Iwhaviour ” by taking out a current of the magnitude specified 
in the Table for average pi*rioda of five hours per day for six days per 
week until the E.M.F. of the coll falls to 1 volt at the end of the day’s 
period of discharge, or until the resictanoo rises to a maximum of 3 ohms 
per cell (except in the case of X cells, where a maximum resistance of 
6 ohms will be taken), it being understood that the voltage shall be 
measured on open circuit, immediately after disconnection. The 
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minimum output per cell which, under these conditions, will be con«i- 
dered satisfactory for each of the respective si/i^s of cell, is shown in the 
following Table. 

Table IX.—/*o»e Oj^ce Testt. 


Index 


I)imenaion<«. 

1 

Max. 

Max. fall of 
E.M.F. after 

Current to 
bo taken 

Min. 

output 

in 

watt- 

uf 

Height over all j 


By 1 

resist. 

in 

1 10 minutes 
application 
of shunt. 

out 

during 

test. 

cell. 

Max. 

Min. 1 

Max. 

. Min. 1 

ohms. 

1 

hours. 

W. 


1 

r>r 

2,vysq, 

. , t ir^q- 

0-.^> 

15 per oent.* 

Mitliamps. 

20 

20 

X. 

4r 

4r 



o.^> 

20 iiercent.* 

10 

10 

V. 

r 

or 

K" 

^ir 


on 

10 per cent.* 

50 

50 

Z. 

3r 

4 


• o- 2 r» 

5 |)er cent.* 

140 

140 


3r 

pa '' K 

1 - t ‘ 14 

10 

, 2r» j)er cent.j 

10 

12 


♦ With 2 ohm shunt. t With 4 ohm shunt. 


CELLS FOR LABORATORY USE. —Before passing on to 
the next subject it may not be out of place to say a few 
words upon cells suitable for ase in the laboratory. It is 
sometimes necessary to have a battery of comparatively 
high say KX) or 200 volts, from which little or no 

current is taken— for example, in insulation tests. A 
cheap method of making such a battery is to mount a 
number of zinc and copper couples iu series in a block of 
paraffin, which is .suspended over a pan of water, the 
elements of any couple being very close together. Imme- 
diately before the battery is required the couples are dipped 
into the water, of which each couple retains enough to close 
the internal circuit. This method Is simple and convenient, 
but the internal resistance is very high, and of course in- 
creases as the evaporation continues. 

The details of such a battery have been worked out by 
W. S. Tucker.* As shown in Fig. 101 the carbons consist 
of graphite (blacklead) i)encil8 about 5 cm. long and the 
zincs are formed from strips of zinc foil about 5 mm. wide, 
bound to the top of each carlx)n by wire. Aft er these upper 

♦ Proceedings, Pbys. Soc., \ol XXL, p. 640. Manufactured by J. J. 
Griffin & Sons. 
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e:ids have been fixed in a block of paraffin wax (melted for the 
purpose ) the free end of each zinc strip is adjusted close to its 
corresponding carbon so that the electrolyte will be held by 
capillary attraction and this spacing is fixed by dipping the 



Fio. 161.— Method of Construction of W. S. Tucker’i 
Testing Battery. 

ends into melted paraffin wax so that a little wax is taken 
up as shown. By this means a large number of cells can be 
arranged in a small space, a tray 18 in, long by 10 in. wide 
being sufficient for 900 elements. 



Fig. 162 — -Tucker’s High-Toltage Testing Battery. 


The battery is charged by dipping into a solution of 
calcium chloride, and the strength of the solution is such 
that it does not tend to increase or diminkh in bulk on 
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exposure to the air, calcium chloride being hygroscopic, 
unless, of course, the atmospheric conditions change 
materially. Thus, the battery does not dry up in ordinary 
use. A voltage of 1-02 volts per cell is obtained und remains 
constant to within 0-1 per cent, for about two hours and to 
within 1 per cent, for half a day. One dipping per week is 
found to be sufficient. It need scarcely be remarked that 
if any considerable current is taken the polarisation is 
heavy, but the battery soon recovers. There is no trouble 
from creeping and less local action than with ammonium 
chloride. Since all connections are embedded in paraffin 
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Fiq, 163.--Te8ting*Battery, 


wax the msulation is easily maintained, ‘and the battery can 
be readily washed free from electrol}i}e and stored away 
when not required. 

A. C. Longden’*' has described a simple form of high 
voltage battery which he recommends as being satisfactory. 
The cells are set up in small homoeopathic vials. The 
plates consist simply of bent copper strip as indicated in 
Fig. 163, the two ends of any strip dipping into adjacent 
vials and being unequal in length. 


Ekciriml World, Vol. XXXI,, p. 681 , 1868 . 
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The longer end of each strip is amalgamated with 
mercury containing a little zinc. At the bottom of each 
vial is placed a little zinc amalgam into which dips the 
longer part of tlie copper strip. Water, to which 1 per 
cent, of sulphuric acid has been added, is used as the 
electrolyte. Whereas zinc in such a cell would deteriorate 
rapidly through local action, the amalgamated copper is 
satisfactory and is kept in good condition by the zinc 
amalgam. The top of each pair of plates should be coated 
with paraffin or shellac to prevent creeping of mercury or 
salts. The internal resistance of a cell Is stated to be about 
()0 ohms if the vial is 7 cm. X 1-7 cm., and 2,000 ohms if the 
vial is 3-5 cm. x 0*7 cm. 

If a larger current is required, small dry cells or silver 
chloride cells may be used. The former, however, tend to 
dry up and tl\e latter are troublesome. A battery of very 
small accumulators is more convenient if tliere are meains 
for charging. 

A small current, if required for a long time, is best 
obtained from a gravity Daiiiell cell. 

The Grove cell is satisfactory if a heavy current is required 
for a short time, say, for four or fiv^e hours, and the same 
remark applies to the Ihinson cell, though it is more variable. 
The bichromate cell will also supply a heavy current, but 
it is far from constant. It has the advantage, however, 
that, being a one-fluid cell, it may be allowed to rest 
without being dismantled, except that the zinc should 
be removed. 

Probably the most serviceable cell for all-round work in 
the laboratory is some form of copj)er oxide cell. It has 
the great advantage that it may be allowed to rest without 
being dismantled. The local action is generally negligible 
and the internal resistance is small. But mifortunately the 
E.M.F. is low, which increases the cost of a cell that m any 
case is expensive. ^ 
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In electrical measurements the three quantities which 
are most frequently determined are resistance, current and 
electrical pressure. These are very simply related by the 
well-known law of Ohm, and consequently, if any two of 
these quantities have been determined for any circuit to 
which this law applies, the third is readily deduced. In order 
to carry out such measurements certain instruments are re- 
quired and standards are necessary for reference. The legal 
English standards for these quantities are three inetruraents 
which are kept in the laboratory of the Board of Trade in 
Westminster. These standards were rendered legal by an 
Order in Council on the 23rd of August, 1894,* and are 

* Sopeneded in 1910 by the Order in Connoil of Janu&ry 10th of that 
year. 
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of value for the purpose of checking the accuracy of other 
instruments of a similar kind. They are not in any sense 
arbitrary standards, for they de{)end upon certain pro- 
perties which have been carefully detcrn^ined at intervals. 
Thus, in the preamble to the Order in Council of 1910, it is 
stated that the ohm is equal to 10® C.G.S. units, and is 
represented by the resistance offered to an unvarying 
electric current by a column of mercury, at the teilipera- 
ture of melting ice, 144‘>2l grammes in mass, of a constant 
cross-sectional area and of a length 10C)-300 cm. The 
standard ohm is a wire which has been carefully adjusted 
to the resistance of an ohm as above defined. Similarly, 
the ampere has one-tenth the value of the C.G.S. miit, and 
is represented by the unvarying electric current which 
deposits silver, under certain conditions, in a silver volt- 
meter at the rate of M1800 milligrammes per secend. 

From the above it is seen that the practical units called 
the ohm, the ampere and the volt are defined in terms of 
the C.G.S. units. Of the relations between the practical 
and the C.G.S. units there can be no question, as it is a 
matter of definition. But the values of the practical units 
in terms of the properties of certain bodies, although 
definite, are not fixed, because they arc the results of 
experience and investigation. For example, the practical 
definition of the ohm depends upon our knowledge of the 
specific resistance of mercury expressed in C.G.S. units. 
The value of this resistance does not change ; but as our 
knowledge of its value becomes more and more extended 
the results of past investigation have to give way to those 
of more' recent determinations. Hence it is that the 
expression of the ( hm in terms of the resistance of a column 
of mercury has been changed from time to time, and there 
are a corresponding number of ohms ; for example, the 
B.A. ohm, the legal ohm (1884), the “ true ” ohm and 
the international ” ohm (1894 and 1008). These various 
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units merely indicate that the state of our knowledge has 
changed. 

In 1908 the International Conference of Electrical Units 
and Standards, held in London, adopted the arbitrary 
figures of 106-300 cm. as the length of the mercury column 
and 0-00111800 gramme as the electrochemical equivalent 
of silver ; not that these figures are absolutely correct, but 
they afe very near the truth, and it is confusing for practical 
purposes to have such quantities changed from time to time. 

The Order in Council of 1894 gave a legal status to the 
Clark cell as a standard of electrical pressure. No mention, 
however, is made of standard cells in the Order of 1910, and 
consequently they have no legal standing, though largely 
used, at the present day. 

CONDITIONS TO BE FULFILLED. —A voltaic cell is a 
very convenient standard of E.M.F., provided certain condi- 
tions can be fulfilled. These may be summed up as follows : — 
(1) The cell should .be readily reproducible, ?'.e., the E.M.F. 
should be the same, within certain limits, when the cell is 
set up by different people using chemicals from different 
sources. (2) The E.M.F. should preferably not change 
with age. (3) If the E.M.F. changes with the temperature 
the change should be definite, and the E.M.F'. should have 
a c^onstant value at any given temperature. This condition 
applies to physical changes in general. (4) The cell should 
be portable if possible. 

These conditions are difficult to fulfil, and therefore a 
great deal of investigation has been necessary in order to 
find a cell which is really satisfactory. The silver chloride 
or De la Rue cell was at one time suggested as a standard. 
Raoult* and Lodgef attempted to use the Daniell cell. 
Fleming | after a careful investigation, introduced a special 

• Ann. de Chim. et de Phys., 4th series, Vol. II., p. 334, 1864. 

t Phil. May., 5th series, Vol, V., p. I, 1878. 

t Phil. Mag., 6th series, VoL XX., p. 126, 1886. 
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form of Daniell cell as a standard, but it was troublesome 
to set up, and was wanting in portability and permanence. 
The first really successful standard was that introduced 
by Latimer Clark* in 1873, which is known as the Clark 
cell, and which, after certain modifications as to the treat- 
ment of the materials, was finally given a semi-legal position 
in this country, as already stated. 

THE CLARK CELL. 

THE BOARD OF TRADE CLARK CELL— The cell 
referred to in the preamble to the Order in Council of 1894 
is generally known as the Board of Trade cell, or more 
briefly as the B.T. cell. The method of construction was 
given in detail at the same time in a specification, which was 
reproduced in full in the first edition of this work. At the 
present time, however, the Board of Trade cell has entirely 
lost its importance, and therefore we shall only describe it 
briefly. 

The cell is shown in section in Fig. 164. It Is conveniently 
set up in a “ sample tube.” The electro -negative element 
is mercury, and contact with this is obtained by a platinum 
wire sealed into a small glass tube. Above the mercury is 
a paste made up of mercurous sulphate, crystals of zme 
sulphate, saturated zinc sulphate solution and a little 
mercury. The mercurous sulphate acts as a depolariser 
and the zinc sulphate as the electroljde. The electro- 
positive element is a zinc rod. A piece of cork is used to 
carry the zinc and the glass tube protecting the plathium 
terminal, and the cell is completed by sealing with marine 
glue, which may be rendered more permanent by coating 
with sodium silicate solution. 

All the constituents should be pure. If the zinc sulphate 
is acid, the cri’stals should be dissolved and zinc oxide 

^PhU. Tran^., Vol. CLXIV., p. 1, 1874; Journal Soo, Tel. Eng.," 
Vol. Vn., p. 83, 1878. 
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added to the extent of 2 per cent, of the weight of the 
crystals. The solution is then warmed, but not above 
30*^0., and when it is free from acid some mercurous sulphate 
is added, to the extent of about 12 per cent, of the crystab. 
The solution is filtered while still warm, and, if properly 
carried out, crystals form on cooling. The paste is formed 
by addiiig saturated zinc sulphate solution, as above pre- 
pired, to waslied mercurous sulphate, adding also zbc 
bul[)hate crystals from the stock solution and a little mer- 
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cury. These are shaken together to form a paste of the 
consistency of cream, and this is heated to a temperature 
not exceeding 30°C. for an hour, the paste being e^gitated 
from time to time. Crystals should then be visible through- 
out the mass. In setting up the cell, the platinum wire is 
heated red hot to clean it, and is then placed in the mer- 
cury ; the whole of the wire protruding from the glass tube 
must be below the surface of the mercury. The cork, after 
being suitably bored to take the tube and the zinc, and 
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nicked so as to allow air to escape when being inserted, is 
washed thoroughly in warm water and left to soak for some 
hours before use. It is then dried. After the paste has 
been put into the cell the zinc is placed in position in the 
cork, which is then threaded on to the tube containing the 
other terminal, and pressed down into position. Such, 
briefly, is the method of setting up the Board of^ Trade 
Clark cell. The E.M.F* of such a cell should be 14.‘ld volts 
at 15"C. 

It will be realised that the essential constituents of the 
Clark cell are mercury, mercuroius sulphate, zinc sulphate 
and zinc (or its equivalent in zinc amalgam). These may 
be varied in the form in which they are put together and 
in the methods by which they are prepared. 

The lk)ard of Trade form of cell did not prove satisfactory 
in practice, more particularly from llie poijit of view of 
permanency. Other methods have, therefore, been de- 
vel(»ped for preparing the materials, and the tube form has 
been generally discarded in favour of the H-form. 

NOTES ON THE PREPARATION OF MATERIALS.— 

In regard to the preparation of materials, the reader 
should refer to the methods followed by Kahle (given 
on a later page) and those described in connection with the 
Weston cell. I'he following general notes, however, may 
prove liseful, as being introductory to these specialised 
methods. 

The Mercury . — The purity of the mercury is a matter of 
great importante, it being essential that there should be no 
electro-positive impurities present, such as zinc. It is 
generally possible to purchase re-distilled mercury which is 
sufficiently pure for the purpose, but it is sometimes pre- 
ferable to carry out the necessarv' purification. 

The usual method of purification is by distillation in 
tMtetio. Before this is effected, the mercury pay be agitated 
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with dilute nitric acid to remove the oxide. If reddish 
brown fumes appear during this treatment the acid is 
too strong, and should be diluted. After shaking for 
some time, the mercury is washed by decantation imtil 
free from acid, and is dried as far as possible by means of 
blotting paper. This drying may be conveniently com- 
pleted by allowing the mercury to flow through a filter 
paper which hfis been perforated with a very small hole 
and is held in a funnel. When mercury has been used in a 
laboratory, impurities such as zinc and cadmium are 
common, and these are not readily removed by distillation. 
In such case, the mercury is electrolysed before distillation* 
The mercury is made the anode in a 2 per cent, nitric acid 
solution, a piece of platinum foil being used as a cathode. 
The moi-e electro-positive metals go into solution, leaving 
in the mercury those of a less positive nature, which are 
afterwards removed by distillation. Details of this method 
are given later. 

To avoid the distillation of impurities and the formation 
of oxide, the mercury must be distilled in vamo. For this 
purpose a number of stills have been devised, some df 
which are automatic in the production of a vacuum and in 
the supply of mevmry, while others require the application 
of an air pump before they can be operated. If an air 
pump is at hand, and only a small quantity of mercury is 
required, it is simplest to make use of an ordinary glass 
retort to which a receiver has been fitted so that it can be 
exhausted. The receiver should also be in communication 
with a vessel containing concentrated sulphuric acid, as a 
good vacuum will otherwise be unobtainable. A few steel 
turnings may be placed in the retort to prevent bumping, 
but this is usually unnecessary. If the pressure is less 
than 2 mm. of mercury, the distillation goes on with ease 
and rapidity. 

Some chemists object to distillation on the gromid that 
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certain impurities are sufficiently volatile to pass over 
into the receiver. For this reason distillation is sometimes 
carried out in a stream of air under reduced pressure, so as 
to oxidise such impurities. Other methods, which also 
have the advantage of greater simplicity, are occasionally 
employed. For example, after the mercury has been shaken 
up with dilute nitric acid, or acid mercurous nitrate, and 
subsequently washed and dried as already described, it 
may be subjected to either of the two following modes of 
treatment : (1) The mercury is shaken with a coarse 
powder, such as sugar or sand, thus causing a large surface 
to be exposed to the air, with consequent oxidation and 
removal of impurities. (2) A stream of air is forced or 
aspirated through a long column of the mercury for a con- 
siderable time. In either case a good deal of dross is formed 
which contains moat of the impurities and is removed by 
allowing the mercury to flow through a perforated filter 
pajier, or, preferably, by forcing it through clean wash- 
leather. The Author has not had personal experience of 
these methods, but they are said to give very good results. 

TheZinc . — This is generally obtainable of sufficient purity. 

The Mercurous Sulphate . — The exj)eriments of Rayleigh 
indicate that the mercurous sulphate serves to maintain 
the purity of the mercury and to produce greater steadiness 
of the E.M.F. It also plays the part of a depolarlser. 

As pointed out by Swinburne, pure mercurous sulphate 
may be obtained by adding an excess of zinc sulphate to a 
solution of mercurous nitrate, both of which reagents are 
easily obtainable in a pure condition. After removing the 
zinc iiitrhte which is formed, the mercurous salt is ready 
for use, but as it is then moist a large excess of zinc sulnhate 
erystals must be added in making up the paste.* Many 
other methods have been used, as detailed later. 

* Brit. Assoc. Report, 1884, p. 651, and Phil. Trana., Vol. CLXXVI., 
». 781, 1885. 
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Mercurous sulphate, as purchased, varies considerably 
in colour, according to its state of purity. A grey colour 
probably indicates the presence of free mercury, which is 
not objectionable. A yellow colour is due to basic salts, 
which should be avoided. The most serious impurity 
is mercuric sulphate, which breaks up in the presence of 
water ^into acid and a yellow basic sulphate, called tur- 
peth mineral. Even mercurous sulphate undergoes hydro- 
lysis in the presence of water, and consequently washing 
with water as a means of purification has now been aban- 
doned. The mercurous sulphate is the ingredient which 
has given the most trouble in arriving at a satisfactory 
result. 

The Zinc Sulphate ,. — Impurities in the zinc sulphate may 
have a considerable effect upon the E.M.F. The salt should 
be tested for iron, preferably by adding a dro}) of ammo- 
nium sulphide, which gives a perfectly white precipitate if 
no iron is present. Potassium thiocyanate gives a red 
colour if the salt contains iron in the ferric state, iron 
may be removed by Kahle’s method, which is described on 
page 332, but it will be found far simpler to purchase sulphate 
which is free from this impurity. Fortunately, crystal- 
lisation provides an easy means of purification, and electro- 
lysis has also been used for this puriK)se. 

The object in keeping to a temperature below 30°C. is 
to obtain crystals ha\ang the formula ZnSOi . THgO, t.e., 
with seven molecules of water of crystallisation. If 
crystals form at a higher temperature than 39®C., a lower 
hydrate is formed and the E.M.F. is affected. Clark cells 
should not be employed at a higher temperature tiian 35®C. 

Free zinc oxide in the final solution is objectionable 
because it would react with the mercurous sulphate which 
is added in making up the paste, zinc sulphate and mer- 
curous oxide being formed. The latter might be deposited 
on the zinc and affect the E.M.F. Consequently, in the 
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Board of Trade instructions, sufficient mercurous sulphate 
is added in the preparation of the zinc sulphate to combine 
with all the zinc oxide originally added to the solution. 

At the National Physical Laboratory, purchased zinc 
sulphate is dissolved in hot water, and a slight excess of 
pure zinc oxide, together with a little hydrogen perox le, 
is added. The peroxide assists the oxidation of any iron 
salts to the ferric state. The mixture is heated on a water 
bath (heated electrically to avoid the possibility of zinc 
sulphide being formed from gas fumes) for four hours. It 
is then filtered and made acid to the extent of about 2 paits 
in 10,000 with sulphuric acid. A mixture of ZnS0.j.7H20 
and ZnS 04 .OHjO (the latter forming at 3iPC) is tlien separated 
by evaporation of the solution at lOO^C., and subsequent 
cooling by a freezing mixture. The crystals so obtained 
are washed twice with distilled water and then dissolved 
to fonn a practically saturated solution, from which zinc 
sulphate crystals are obtained by slow evaporation at room 
temperature. A second re-crystallisation gives crystals 
suitable for standard cells. 

Progress of the neutralisation may be tested by means of 
litmus paper, of which the red colouration will be observed 
to become less and less marked as time goes on ; but after 
four or five hours it will cease to diminish further. The 
dull port wine colour that continues cannot be diminished, 
as it does not indicate the presence of acid, but is due 
to the inherent acidity of zinc sulphate which cannot be 
removed. 

Setting up a Tube Cell— The platinum should be sealed 
into the ’glass protecting tube by means of enamel, which 
is aold in sticks for this purpose by practical glass blowers. 
White enamel is generally unsuitable for this work, the pink 
or blue coloured enamel being preferable. Unless the 
platinum wire is surrounded by enamel the glass is liable 
to crack on cooling. Lead glass is free from^ this difiiculty. 
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but it blackens unless it is worked at the extreme end of the 
blowpipe flame. The platinum wire is allowed to extend 
about half an inch beyond the glass at either end, and a 
copper terminal wire is soldered to one end. 

The paste is most conveniently introduced into the cell 
by means of a dry funnel, great care being taken that the 
paste not touch the upper part of the tube. If the 
sides of the tube above the cork become soiled by the 
paste, the liquid in the cell rises by capillary action 
between the glue and the glass, and may damage the 
seal. 

While the paste is being introduced the platinum should 
be kept in position so that it does not rise out of the mer- 
cury. When this o^xiration is complete, the cork, with the 
zinc in position, is passed over the glass tubing containhig 
the platinum, wiiicli is still ke})t in place, and pushed down 
until it is nearly in contact with the paste. The corks arc 
m{)re easily handled if they are not completely dried ; 
removal of the adherent water by means of filter paper 
will be foimd siiflicient. 

It is preferable to have the zincs in all cells dipping to 
the same extent into the paste, and all passing into the 
crystals which collect on the surface of the paste, not 
merely into the clear solution. It appears that contact 
between the actual paste and the zinc may give rise to 
unsteadiness if the cell is shaken, owing to fresh parts of 
the zinc coming into contact with the paste ; but the zinc 
should at least dip into the crystals covering the paste. 
A saturated solution containing crystals is not necessarily 
saturated at the top ; and therefore, if the zinc dips merely 
into the solution, the E.M,F. may be due to an unsaturated 
solution, and may differ from the E.M.F. of a cell in which 
the zinc passes into the cr}^tal8. 

Undue heating of the cells by the melted marine glue 
used in the sealing may be avoided by standing them in 
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Board of Trade instructions, sufficient mercurous sulphate 
is added in the preparation of the zinc sulphate to combine 
with all the zinc oxide originally added to the solution. 

At the National Physical Laboratory, purchased zinc 
sulphate is dissolved in hot water, and a slight excess of 
pure zinc oxide, together with a little hydrogen perox le, 
is added. The peroxide assists the oxidation of any iron 
salts to the ferric state. The mixture is heated on a water 
bath (heated electrically to avoid the possibility of zinc 
sulphide being formed from gas fumes) for four hours. It 
is then filtered and made acid to the extent of about 2 paits 
in 10,000 with sulphuric acid. A mixture of ZnS0.j.7H20 
and ZnS 04 .OHjO (the latter forming at 3iPC) is tlien separated 
by evaporation of the solution at lOO^C., and subsequent 
cooling by a freezing mixture. The crystals so obtained 
are washed twice with distilled water and then dissolved 
to fonn a practically saturated solution, from which zinc 
sulphate crystals are obtained by slow evaporation at room 
temperature. A second re-crystallisation gives crystals 
suitable for standard cells. 

Progress of the neutralisation may be tested by means of 
litmus paper, of which the red colouration will be observed 
to become less and less marked as time goes on ; but after 
four or five hours it will cease to diminish further. The 
dull port wine colour that continues cannot be diminished, 
as it does not indicate the presence of acid, but is due 
to the inherent acidity of zinc sulphate which cannot be 
removed. 

Setting up a Tube Cell— The platinum should be sealed 
into the ’glass protecting tube by means of enamel, which 
is aold in sticks for this purpose by practical glass blowers. 
White enamel is generally unsuitable for this work, the pink 
or blue coloured enamel being preferable. Unless the 
platinum wire is surrounded by enamel the glass is liable 
to crack on cooling. Lead glass is free from^ this difiiculty. 
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SOUEOES or EEEOE IN THE BOABD OF TRADE 
CLARK CELL.— Both the construction of the cell and the 
preparation of the materials are open to a good deal of 
criticism. The chief objection to the method of con- 
struction lies in the jx)sition of the zinc. This may dip 
merely into clear solution, or it may pass into the layer of 
crystals which collect on the top of the paste, or it may 
pass into the paste itself. The position is not clearly 



defined in the specification. If it lips only into the 
solution it may really be in contact with solution that is 
unsaturated, as already explained. If it passes into the 
crystals or into the paste it may then be partly in saturated 
And partly in unsaturated solution, and local action may 
-occur. The conditions, therefore, are not very definite. 
*The best knowp form of cell in which this defect is remedied 



330 


PRIMARY BATTERIES. 


is the H-form, due to Rayleigh.* This consists of two- 
small test tubes connected by a cross tube as shown in 
section in Fig. lOo. A platinum wire, A, is sealed into the 
bottom of each tube, one making contact with mercury, and 
the other with the zinc amalgam. Above the mercury is a 
layer of raerciiroas sulpliate. The cell is filled with a satu- 
rated solution of zinc sulphate above the level of the cross 
tube, a few crystals being also added, and the test tubes are 
closed with indiarubber corks. In this cell voltaic action 
can take place only at horizontal surfaces of mercury or 
amalgam, which are in contact with saturated solution. 
The result is therefore definite. This arrangement of the 
constituents of a cell appears to be of considerable impor- 
tance, and it is })robable that unsatisfactory results are 
liable to be obtained in the Board of Trade form even if 
the materials are satisfactorily prepared. In fact, the # 
Author has found that cells set up in the Board of Trade 
form, but with materials which had been prepared accord- 
ing to Kahle’s method (described hereafter), and wdiich had 
given excellent results in H-iorm cells, were far from satis- 
factory at the end of six years. 

Apart from the form of the Board of Trade cell, the 
methods of preparing the materials are not sufficiently 
definite to ensure the best results. 

We will now pass on to a description of Kahle’s cell, 
and his method of preparation, in which these defects have 
been removed. 

KAHIJB’S H-rORM Or OLAEK CELL~The form of 
cell used by Kahle is illustrated in Fig. 166. It only 
differs from Rayleigh’s form in that the cross tube is 
rendered unnecessary by uniting the two side-tubes at 
the top. 


♦ Phil TraM„ Vol. CLXXV., Part 2, pp. 411-4^, 1884. 
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'Fhe construction oi ttie cell and the preparation of the 
materials are described by Kahle* as follows : 

Construction of the Cell. 

The vessel used for the cell consists, as shown in the figare, ot 
two vertical branches closed at the bottom, and joined at the top 
into a neck closed by a ground-glass stopper. The diameter (»f the 
branches should be at least 2cm., and their length 3om. The 
neck o^the vessel should be l*5cm. wide, and at least 2cm. long. 
Platinum wires about 0 4aim. thick are fused into the bottom of 
both branches. 

The vessel is filled in a manner depending upon whether the cell 
is to be used at the place of construction or is to be transported. 

In the former case pure mercury is poured into one branch, and 
into the other an amalgam of about 90 parts of mercury and 
10 parts of zinc, which is fluid when hot and solidifies on cooling. 
The platinum wires must be completely covered by the mercury 
and the amalgam respectively. Upon the mercurf is poured a 
layer of paste 1cm. deep, made by rubbing together mercurous 
^ sulphate, mercury, zinc sulphate crystals, and concentrated solution 
of zinc sulphate. This paste and the amalgam are then both 
oovered with a layer lorn, deep of zinc sulphate crystals, and finally 
the whole vessel is filled with concentrated zinc sulphate solution 
until the stopper on being introduced just touches the surface. 
Oare should, however, be taken that the vessel contains a small 
air-bubble, since that prevents its bursting in the case of a great 
rise of temperature. At the final closing of the vessel the glass- 
stopper is brushed over at its upper edge with shellac dissolved in 
alcohol and then firmly inserted. 

If the cell is to be sent away, a circular electrolytically- amalgamated 
piece of platinum foil, about 1cm. across and 01mm. thick, takes 
the place of the mercury, and is firmly attached to the platinum 
wire introduced through the bottom. Zinc amalgam forms, as 
before, the negative electrode, and is covered with a layer of zinc 
sulphate crystals 1cm. deep. The rest of the vessel is filled up to 
the stopper with mercurous sulphate paste. The final closing is 
effected as already described. • 

Freparation of the Materials to be used in the Cdl. 

Afercurt/.— All mercury to be used in the cell should be purified 
by the ordinary processes, and distilled in vacuo. 

Zinc . — The commercial pure zinc may be used without treat* 
ment. To prepare the amalgam, add one part of zinc to nine parts 

* Zeitsehrifl fOr InstrumentenJcvmde, 1893 ; The Eleetricianf VoL XXXI., 
p. 266, July 7,3|93.* 
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of moroury, and keep both in a porcelain diah at lOOieg., etirring 
gently till the zinc ia completely dissolved in the mercury. 

Zinc Sulphate . — Before use test the commercial zinc sulphate for 
acid with litmus and for iron with potassium sulpha-cyanide. If 
it is sufficiently pure it may be at once re-crystallised in the way 
detailed below. If it contains appreciable traces of free acid, equal 
parts of the zinc sulphate and distilled water are boiled with zinc 
tilings in a suitable porcelain dish until no further gas is given oflT 
at the zinc, and the solution shows after cooling a white, or, in the 
presence of a ferric hydrate, a brownish precipitate of zinc hydrate. 
If the solution is free from iron it may be filtered off after 
standing for two days. Otherwise it is again heated to 60 or 
80deg., and electrolysed fur six hours with a current not exceeding 
0*2 ampere, the electrodes being two pieces of platinum foil of about 
50 sq. cm. surface suspended in the liquid. The liquid having 
cooled over night, litmus is again employed to test whether any 
acid has been formed during electrolysis. In that case the boiling 
with zinc tilings must be repeated, and the solution again elec> 
trolysed by weak currents. It is therefore well to cover the 
vessel containing the solution with a glass plate, so that but little 
water vapour can escape. As soon as the solution is sufficiently 
free from acid and iron it is filtered off. To each litre of the 
filtrate about 50gm. of mercurous sulphate, free from acid, are 
added and well stirred. The mercury salt will in general assume a 
yellow colour after long standing. If the solution has stood for a 
day, and a portion of it, on being shaken up wit^ more mercurous 
sulphate, does not turn perceptibly yellow, the solution may be 
filtered ofl' and concentrated in a flat porcelain dish over a water 
bath. Here care must be taken that the crystals do not form at too 
high a temperature, as otherwise they easily lose a portion of their 
water of crystallisation. To secure this the flame under the water 
bath is extinguished, and the dish left in position covered with a 
glass plate. If after further cooling no crystals are separated, 
further concentration is necessary. If the heating was too pro- 
tracted, and the crystals were formed under unfavourable 
conditions, a little water must be added and the whole warmed 
until every, thing is re-dissolvod. The concentrated solution is 
poured off, and either further evaporated or kept for farther use. 
The last traces of the solution are removed from the crystals by 
letting the dish stand for some time in a slanting position. It is 
not advisable to sht^rply dry the crystals, as they thereby lose 
water of crystallisatton. For the same reason they must be kept 
in a dosed vessel. 

Merciwotw Sxilphatc.—The mercurous sulphate used must not be 
coloured yellow by basic salt If that abould be tly» case, stir Itp 
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one part of the salt with two parti of distilled water, and add, with 
constant stirring, so much of a solution of one part of sulphuric 
acid to 1,000 parts of water as is ncKsessary to make the colour 
disappear. Then pour off the liquid and wash the paste several 
times with distilled water, but without thereby causing another 
yellow colouration. If the sulphate is white to l)egin with, and 
only shows a faint yellow colouration after considerable time on 
shaking up with distilled water, it may be used at once. If this 
colouration is not shown on shaking up with water, the salt must 
be washed several times with distilled water until the first traces 
of yellow colouration appear. If it has been necessary to wash 
the salt, the water should be driven off as much as possible by 
mechanical means. If dried by heat the yellow colouration will 
re-appear. In order to avoid keeping moist salt, only so much 
of it should be treated by the above process as is necessary for the 
purpose in hand. 

To prepare the paste, two parts of the sulphate should be added 
to one part of mercury. If the sulphate is dry, it should be stirred 
up into a paste with zinc sulphate crystals and concentrated zinc 
^ulphate solution until the whole forms a stiff mass everywhere 
permeated by zinc sulphate crystals and small globules of mercury. 
But if the sulphate is wet, only zinc sulphate crystals should be 
added, taking care, however, that they are in excess, and are not 
dissolved even after prolonged standing. Here, also, the mercury 
must permeate the paste m small globules. It is well to crush the 
zinc sulphate crystals a little before using, so that the paste may l>e 
more easily manipulated later on. 

Details of Constniction. 

For the preparation of cells containing mercury as the positive 
electrode, the following details should be attended to : Before 
introducing the hot zinc amalgam place the glass vessel, well 
cleaned and carefully dried, into a hot-water bath. Then pass a 
suitable thin-walled glass tube through the neck of the vessel on to 
the bottom of the branch which is to contain the amalgam. The 
tube ought to be as wide as is consistent with the dimensions of 
the vessel. It is intended to protect the rest of the vesfjel from 
contamination. The amalgam is introduced by means of a glass 
tube about 10cm. long drawn out into a point, the other end Iwing 
provided with an indiarubber tube about 3om. long closed by a 
short glass rod. The point of the tube is inserted below the surface 
of the liquid amalgam heated in a dish, and a portion of the 
amalgam is sucked into the tube by compressing and releasing tlfo 
indiarubber. Thy point is then quickly freed from external 
imparities derived from the surface of the amalgam, introduced 
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into the cell through the wide tube, and emptied by presnure on 
the indiarubber. The point ought to be so fine that the amalgam 
does not issue eicept on pressing the rubber. The process is 
continued until the branch contains the required quantity of 
amalgatr. The vessel is then taken out of the water bath. After 
cooling, the amalgam should adhere firmly to the bottom of the 
vessel and exhibit a bright metallic surface. 

To introduce the mercury and the paste a suitable funnel with a 
long tube is used. The paste should nob touch the upper walls of 
the vessel, but may be pushed in with a glass rod if too stiff'to flow. 

Before pouring in the zinc sulphate solution, the paste and the 
zinc amalgam should be covered with zinc sulphate crystals, as 
these prevent a creeping up of the paste after wetting with the 
solution. In filling, the zinc sulphate crystals and the paste should 
not contain large air-bubbles. These may be removed by knocking. 

Kahle lays stress upon the fact that the mercury should 
be free from any electro -positive metals, tho,t zinc sulphate 
crystals sliould be always present in cxcass, and that the 
solution should contain no free acid. ' 

The boiling of the zinc sulphate solution with zinc filings 
(which should be tested for iron) is most conveniently 
carried out in a flask which is fitted with a cork and a 
vertical oj)en glass tube about 3 ft. in length ; the latter 
acts as a condenser, returning the condensed steam to the 
flask, and keeps the solution of the same strength through- 
out the operation. It is not easy to see when bubbles 
of hydrogen cease to be evolved, as mentioned in the 
instractions, but it will be found sufficient to boil for three 
or four hours. At the end of that time a precipitate of 
me hydroxide forms on cooling, showing that no free acid 
IB present. 

The crj-^tallisation of the zinc sulphate is a little trouble- 
some to carry out successfully when one is unaccustomed 
to the process. The Author has found it best to stop the 
evaporation as soon as a decided incrustation begins to 
form on the dish at the edge of the liquid. Whm that is 
•0 the dish should be covered with a clock glass and allowed 
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to cool slowly. With a little practice a good yield of the 
required crystals can be» obtained without fail, but it is 
generally advisable to determine the amount of water of 
crystallisation in order to be certain that the crystals are 
sufficiently hydrated. 

Kahle states that cells set up according to his method 
seldom differ in E.M.F. by so much as 0 0001 volt, i.e., by 



Fig. 166. — Kahle’a H-form of Clark Cell (full aize). 


one part in 14,000. The accuracy is therefore ve][y much 
greater than in the case of the Board of Trade cell. The 
permanency also appears to be far more satisfactory. Of four 
cells which the Author set up, the difference, after six and 
a-half years, of any one of them from the mean value of 
the four cells was seldom greater than 0 0001 volt, and the 
mean arithmetical difference did not exceed 0 00006 volt. 
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About 15 years later the differences from the mean value 
varied from less than 0 0001 volt to 0-0007 volt, and the 
mean arithmetical difference was about 0-0003 volt. 

The only objection to Kahle’s cell is that it is not very 
limple in its construction and in the preparation of the 
materials. In common with all H-form cells, it has the 
disadvantage that it cannot be placed in a water bath ; 



/to. 167.— H-form Cell modified for use in a Water Bath. 

on must be used, which is less convenient' aiid a more 
6t less complicated stand must be made tg support it. 
If the glass stopper carri^ a tlhennahieter dipping into 
the solution, as us^ by Kfiihle,*tten,'‘df course, a b^th is 
unnecessary for the observation of temperature ; but such 
i a ^ermometer increases the cost knd can only ^ve appro jd- 
indications owing to its shortness and the smaUni^ 
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pf the graduations. It is therefore simpler, and really as 
effective, to make cells with a plain stopper, as shown in 
Fig. 166. 

Fig. 167 shows a modified H-forra cell devised by th^ 
Author to overcome this inconvenience. The platinum 
wires are sealed in and brought up through small glass 
tubes which protect them from the bath. The limb A is 
made with a s(|uarc end, so that the cell can stand without 
support, and contains the mercury, while the limb B is 
made with a rounded end, as the ama'gam i.s liable to crack 
the tube if made otherwise. The difficulty may also be 
overcome by using internal wire terminals, as mentioned 
later in describing the Weston cell. 

The Rayleigh H form of Clark cell is now generally 
adopted in Great Britain and the United States. The 
^observations of G. A. Hulctt and F. A. Wolff, in America, 
and of F. E. Smith, at the National Physical Laboratory, 
show that when the materials are prepared with care Clark 
cells are as reproducible and as constant as Weston cells, 

TEBfPERATURE COEPFIOIENT AND LAG.-Since 15°C. 
is regarded as a normal mean temperature, the value of 
the E.M.F., E, of a cell at any temperature, t, is generally 
expressed in the form of an equation as follows : 

Et— Ei5(l-|-a(15— > 

in which is the value of the E.M.F. at 15 deg., and a, b 
are constants. The last term is always very small, and may 
be neglected in all ordinary measurements, in which caee a 
is known as the temperature coefficient. It is very gcnerally 
assumed that this coefficient for the Clark cell is ff-08 
cent., or, in other words, that the E.M.F. lolls 0 0011 vbib 
for every degree Centigrade rise in temperature. 

In experimental work involving the use of the tWk 
cell, temperature corrections have to be frequently intto* 

s2 
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duced owing to the higli value of the temperature coefficient. 
In order to avoid such corrections, A. Campbell* has sug- 
gested an automatic comi)ensator which consists of a 
Leclanche cell and four resistances of two different materials. 
The latter are so arranged that, on account of their different 
temperature coefficients, the necessary E.M.F. is added to, 
or subtracted from, that of the standard cell, thus cljminat- 
ing the correction. 

The accepted value of the temperature coefficient is the 
result of a number of observations by different observers on 
cells which were carefully maintained at various tempera- 
tures for a considerable time. In practice, liowever, the 
temperature is always changing to some extent, and it 
therefore becomes a matter of some importance to determine 
how quickly the E.M.F. of a cell follows variations in 
temperature. These changes depend not merely upon tiny 
equalisation of temperature, but more particularly upon 
the varpng solubility of the zinc sulphate, ui)on diffusion, 
upon solution and re-crystallisation. Changes in the 
E.M.F. would, therefore, be expected to lag behind those 
of temperature. 

To investigate the question of lag. Prof. Ayrton and 
the present Authorf submitted Board of Trade cells to 
cyclical changes of temperature through 8 or 10 deg. at a 
constant rate. The temperature was first raised and then 
lowered, or vice versa, the cell being brought back to the 
initial temperature at the end of the experiment. It was 
found that cells respond very readily to changes in tem- 
perature, even changes of 01 deg. being often quickly notice- 
able. 'But it was observed that the full change did not, 
as a rule, take place until after the lap.se of a considerable 
time, and that a cell generally failed to give its initial E.M.F. 
when the cycle was completed. In Fig. 168, curve A 

• pm. Vol. XLV., p. 274, 1898. 

t Proc Roy. Soo., \’oI. UX., p. 308, 1895. 
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chows the result obtained in one of the experiments, in 
which the cell was subjected to a fall and a subsequent rise 
of temperature at a practically uniform rate of 1 deg. in 


Temperature in degrees Centigrade. 

0 12 3 4 



Fig. 168. — Curves showing the lag in H-form Cells as corai'arod with 
Board of Trade Cells. ^ 

A. An average curve for B.T. Cell. Rate of I B H-form, 1 deg. In 15 min. 
change of temperatum. 1 deg. in 15 min. C. „ I deg, in 30 min. 
(from Ayrton and Cxiper’s Paper). ID. „ 1 dej. In 7 min. 


15 minutes. This curve shows the connection betw^n 
E.M.F. differences (from the standard) and the temiierature, 
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and is seen to be a more or less closed curve, the enclosed 
area being due simply to lag. In some cases the curve is 
closed, but generally that is not so, and the cell acts as if 
i 8 E.M.F. were raised or lowered by a small amount de- 
pending upon the direction in which the temperature has 
been raised. It is probable, however, that the cells would 
regain their initial condition by the following day, apd that 
the curves would all be closed if the observations were 
continued long enough. It thus appears that there is 
always what may be called a “ simple lag,” which may be 
removed by a comparatively short interval of constant 
temperature, and there is also often what may be termed 
a “semi-permanent lag,” which varies in amount and 
requires many hours of steady temperature for its complete 
removal. On account of the pronoimced character of the 
lag in the Board of Trade form of cell the elleolive tem-.^ 
perature coefficient is liable to be somewhat smaller than 
the accepted value. 

Callendar and Barnes* have given records illustrating 
the slowness with which the E.M.F. may follow a sudden 
rise of temperature mider certain conditions. Two cells 
of the Board of Trade tyi)e, exactly similar, were taken from 
a constant temperat-ure bath at 14*^0. and placed in a second 
bath at 25°C. After two days one of the cells was shaken 
occasionally, and rapidly gained the correct value of the 
E.M.F., but the other cell, which was left undisturbed, 
required nearly a fortnight before the normal yalue was 
assumed. 

If the *mc dips only into the clear solution the tempera- 
ture ooebicient appears to have about half the accepted 
value. Carhartt has advocated this method of const ruc- 
tion as a means of reducing the temperature coefficient, 
and he states that the E.M.F. is thereby raised 0*4 per cent, 

Roy Soo„ Vol. LXII . p. 117, 1897. ^ 

t im XXVIII,, p. 420, 1889. 



STANDARD CELLS, 


341 


But Rayleigh’*' is of opinion that there is no such change 
in the coefficient, while Callendar and Barnes state that 
any such variation from the normal value is merely tem- 
porary in character. There does not appear to be much 
doubt, however, that the temperature coefficient in such a 
case is much less definite. 

As would be expected, the lag in H-fonn cells is very 
'much ‘less than in the Board of Trade form. This is clearly 
vshown by the curves B, C and D in Fig. 1G8, which are due 
to Spiers, Tw\nnan and Waters. "j* The Autlioi’s find that 
about half the lag in the H-form is due to lag of the cell’s 
temperature behind that of the bath. 

PORTABLE CLARK CELLS.— The ordinary Clark cell 
is portable inasmuch as it may be carried from place to 
place without difficulty ; but if it is roughly handled the 
^ mercury may come in contact with the zinc and thereby 
render the cell useless, A standard cell is said to be portable 
when it may be inverted without injury. 

Portability may be gained in various ways. The most 
usual method is to eliminate the mercury by using an 
amalgamated platinum wire or plate ; but complete 
amalgamation is not easily effected. Probably the simplest 
way of amalgamation is to dip heated platinum into boiling 
or nearly boiling mercury, instead of the usual method of 
dipping the heated platinum into cold ‘mercury. Kahl({ 
gives the following instructions for setting up portable 
H'form cells with amalgamated platinum as one of the 
plates : — 

The containing vessel is first filled with aqua rogia and headed in a sand 
bath until a rapid development of gas takes place at the platinum. Tht a 
rinae with water, pour mercury into the branch intended to contain the 
ainc amalgam, and fill the entire vessel with a concentrated eolation of 

♦ Tht Electrician, Vol. XXIV., p. 285, 1889. 

‘ t > 8»rics V., Vol. XLV., p. 285. 1898. 

t The Ekdrkistn, Vol XXXI., p. 265, 1893. 
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mercurous nitrate containing a little nitric acid. Then connect the 
mercury with the positive and the platinum foil with the negative pole of 
a battery, and send a current of about 0 5 ampere through the solution 
until the platinum foil is covered over with firmly-attached mercury 
globules. The whole process lasts about five minutes. Finally the vessel 
is thoroughly rinsed with distilled water until not a trace of the nitrate 
remains. 

The zinc amalgam is introduced with the precautions previously men- 
tioned. After cooling, it is covered with zinc sulphate crystals, to which 
some concentrated zinc sulphate solution is added, so as to just cover 
thorn. The vessel is allowed to stand for two days, so that the crystals 
may settle closely and form a layer impenetrable to the paste, with which 
the whole vessel is finally filled up. 

Carhart has suggested the insertion of a diaphragm of 
cork between the zinc and mercury in the Ik)ard of Trade 
form of cell. A porous pot was used for the same purpose 
by Feussner,* but this causes the cell to follow temperature 
variations more slowly, and appears to increase the E.M.F. 
TxrJirnth of a volt above that of the H-form. r 

In Carhart s portable cellf the zinc ls cast with a foot 
which nearly fills the tube and is turned down so as to form 
a flat plate. This rests upon a wad of purified asbestos, 
which separates the mercurous suljdiate paste from the 
saturated zinc sulphate solution, and thus secures porta- 
bility. Crystals arc placed above the zinc plate (but are 
not shown in Fig, 109), and also in the paste as usual. 

The zinc stem is protected by a glass tube cemented to 
it with an insulating wax, and thus it is in contact with 
the zinc sulphate solution only where the crystals are in 
excess. Before sealing, the cell is closed with a thin slip 
of cork, previously boiled in parafifin. Connection with the 
mei’cury is effected by a platinum wire sealed into the 
glass. 

In the well-known portable cells of M0IBHEAD, the mer- 
cury of the Board of Trade cell is replaced by a flattened 
epiiul of fine platinum wire containing a small quantity of 

♦ Skitschrifi fur InMrumenifnkunde, Vo!. VIII., p. 300, 1893. 

t Th« Elttiridan, Vol. XXXV., p. 844, 1895. 
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mercury, This spiral is shown enlarged on the right of 
Fig. 170. In setting up the cell, the platinum spiral is 
heated to redness and pliuiged into mercury, which is 
retained to some extent by the spiral. Contrary to the 
method used in setting up the Board of Trade cell, the cork, 
with the zinc and platinum in place, is first pushed into its 
final position in the tube, the ingredients being introduced 
through the hole A, which is afterwards closed by a small 
piece of cork. 




Fio. 169. — Carhart’a Fiu. 170. — Muirhead’s Portable 

Portable Clark Cell. Clark Cell. 

Muirheads method of preparing the j>a.slc is of interest 
on account of the simplicity of the method as compared 
with that given in the Board of Trade specification, and 
also by reason of the excellent results attained, notwith- 
standing this simplification. The zinc sulphate is prepared 
by adding the crystals to an equal bulk of water heated to 
boihng. When the crystals are completely dissolved, the 
solution, without boiling, is allowed to cool. Crystals 
begin to form at about 30®C., and a good yield is obtainM 
if the solution fe allowed to stand until the next day. No 
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precautions are taken to avoid acidity, The mercurous 
sulphate is washed by decantation and left to dry to some 
extent, after which it is mixed with a little mercury and a 
large proportion of the prepared crystals. The mixture is 
warmed to, say, bO^O., and shaken until the mixing is 
thorough and the mercury is distributed throughout the 
mass. Boiling is avoided, as it gives rise to a hard crys- 
talline formation. It is found advisable to leave the paste 
at least six months before use ; this probably allows any 
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necessary neutralisation to take place, and gives rise to 
more constant results. 

This simple method, which has been in use for many 
years, forms the basis of the specification drawn up by 
Dr. Muirhead for tlie Electrical Standards Committee, but 
it was superseded by the more complicated, though appa- 
rwitly less accurate, specification of the Board of Trade. 
Df. Muirhead states that the cells agree among themselv^ 
one part in 5,000. 

Jn setting up a cell of this kind the paste is shaken up, 
being warmed if necessary, and introduced by means of a 
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small funnel, more of the prepared crystals being added if 
required. The paste slowly settles to the bottom, covering 
the platinum spiral, and leaves the zinc free from the 
paste but surrounded by a large quantity of crystals, which 
gradually set into a compact mass and remain undisturbed 
even if the cell is inverted. There is, therefore, no tei.dency 
for the mercury to leave the spiral. 

Fig. I71 shows the usual form in which Clark cells are 
mounted for laboratory use. The case contains two cells 
and a thermometer. A comparison of the cells affords 
some indication as to whether the standard is changing or 
is maintaining its value, as it is unlikely that both cells 
would vary to the same extent. This method of mounting 
is convenient for general laboratory work, but is unsuitable 
if high accuracy is required, as the thermometer is short, 
;^nd therefore can only be read approximately, and, further, 
the tem|:)erature of the thermometer is not necessarily that 
of the cells. 

OTHEE FORMS OP CLARK CELLS, -Various other 
forms of Clark cell have been pro])osed from time to time, 
but have little more than historical interest. Thus, Cal- 
lendar and Rames* sought to overcome the diffuMon lag 
in the Board of Trade cell by setting it up in an inverted 
form, using zinc amalgam and platinum wire both in con- 
tact with a ma.ss of crystals, so that diffusion lag cannot 
exist to an appreciable extent. 

Callendar and Bamesf have also made what they term 

Crystal ” cells, in which the clear solution in the ordinary 
form of cell is replaced by moist zinc sulphate crystals. 
These cells were also made in an hermetically sealed form 
by fusing the glass tube. 

* British Asaociatiou Report, 1897. p. 591 ; The Electrician, Vol. 
XX3CIX., p. 638, and Vol. XL., p. 165. 

t Proceedings, Royal Society, Vol. LXII., p. 117, 1897; Fhde0ktl 
Review, Vol. X., p/268, 1900. 
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THE WESTON, OB OABMIIJM, CELL. 

The chief objection to the Clark cell is its high teni- 
jKjrature coefficient, which makes the value of the E.M.F. 
somewhat uncertain for work of the highest accuracy, 
unless the tcmperalurc of the cell is carefully controlled. 
Also, if the temperature of the cell is allowed to vary, there 
is some uncertainty produced by lag, even in the H-type. 
The temperature coefficient is largely due to the fact that 
the solubility of zinc sulphate varies a great deal with the 
temperature ; the density of the solution, therefore, changes 
with the temperature and pr(»duces a correspording change 
in the E.M.F., and the stable condition is only reached 
after a certain period, as it depends u[>on solution or crys- 
tallisation, as the case may be, and upon diffusion. In 
order to reduce the temperature coefficient so as moreorlt^s 
to eliminate temi>erature corrections, E. Weston* selected 
cadmium sulphate, in place of zinc sul])hate, as being a salt 
whose solubility changes but slightly with temperature, and 
a cadmium alloy in place of zinc. In other words, the 
Weston cell is the same as the (lark cell, except that cad- 
mium takes the place of zinc throughout. In this way the 
temperature coefficient is reduced to 0 (K)4 per cent., and may 
often be neglected. It should be noted, however, that the 
tem[)crature coefficient of either clement of a Weston cell 
is considerable ; these individual coefficients arc opposed 
to each other, and largely cancel, so that the temperature 
coefficient of the cell as a whole is very small, but for this 
effect to hold it is necessary for both legs of an H-form cell 
to be aV the same temperature. 

' The Weston cell was recommended as a standard by the 
International Conference on Electrical Units and Standards, 
which met in London in 1908. It therefore has a certain 
international standing, but so far it has no legal standing in 
^The Electrician, Vol. XXX., p. 7-11. 1803. 
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the United Kingdom. In a schedule to the report of the 
Conference the Weston normal cell is described as follows : — 
Weston Normal Cell. 

The Weston normal cell may bo conveniently employed as a standard 
of electric pressure for the measurement both of E.M.F. and of current, 
and, when set up in accordance with the following speeihcaiioiL may bo 
taken, provisionally,’*' as having, at a temperature of 20“0., an E.M.F. 
of 1*0184 ^iolts.f 

The Weston normal cell is a voltaic cell which has a saturated aq[ueoua 
solution of cadmium sulphate (C!dS() 4 . 8/3Hj<>) as its electrolyte. 

The electrolyte must be neutral to congo red. 

The positive electrode of the cell is mercury. 

The negative electrode of the cell is cadmium amalgam consisting of 
12*5 parts by weight of cadmium in 100 parts of amalgam, 

1'lie depolariscr, which is placcsl in contact with the positive electrode, 
is a paste made by mixing mercurous sulphate with powdi'riMl crystals 
of cadmium sulphate and a saturated atpieous solution of cadmium 
sulfdiate. 

The different methods of preparing the mercurous suljihate paste are 
<l?'seribel in the notes.J One of the methods there specified must be 
e.irned out. 

For setting up the cell, the H-fonn is the most suitable. The l(‘ads 
passing through the glass to the electrodes inu.st bo of ]>latinum wire, 
which must not be allowed to come into contact with the electrolyte. 
The amalgam is placed in one limb, the mercury in the other. 

The deiwlariser is placed aliovo the mercury and A layer of cadmium 
sulphat(‘ crystals is introduced into each limb. The entire cell is filled 
with a saturated solution of cadmium sulphate and then hermetically 
fcK' lied. 

The following formula is recommended for the E.^I.F. of the cell in 
terms of the tenifieraturc between the limits OT. and 40'T1. : — 

E/ E 20 -- 0-0000400(f - 20^) - 0*00000095(/ - 20=')= +0-0000000 1(1- 20’’)=*. 

The principal national laboratories, besides the National 
P’a>’'sical Laboratory, are the Bureau of Standards at 
Washington, the Laboratoire Central at Paris, and the 
Physikalisch-Technische Reiclisanstalt at Berlin. Tlfc Inter- 
national Conferc.nce of 1908 appointed a Scientific Cora- 

‘ * The specification is subject to modification by the Scientific Com- 
mittee mentioned below. 

t See modification given below. 

t The intention is that directions should be issued by the Scientific 
rommitteo or the I^rmaneut Commission as may bo found nocoesary’* 
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mittee to carry out work in connection with standards, 
and the necessary experimental work is carried out by the 
above laboratories in collaboration. 

The first and most important undertaking for this Com- 
mittee was to ascertain more definitely the value which 
should be assigned to the Weston cell. This involved 
completion of the specifications and a scries of experiments 
with the silver voltameter, wheitiby the E.M.F. of the cell 
would be determined from the amount of silver deposited, 
the resistance and the time. In 19 JO, delegates from the 
National Physical Laboratory, the Physikalisch Technische 
Keichsanstalt and the Laboratoii*e Central d’Electricit^ met 
at the Bureau of Standards at Washington and made 
numerous experiments with the silver voltameter and 
Weston cells. Each delegate from Europe took a number 
of cells (84 in all), and these were compared with a fomdh lo<- 
at Washington. Th(^ mean E.M.F. of all the cells agreed 
with the mean E.M.F. of each group within less than 
0-00001 volt. 

New Weston cells were also set up at Washington with 
materials from Teddington, Paris, Berlin and Washington. 
The mercurous sulphate w'as made by the delegates at the 
Bureau of Standards. Comparison of the various cells 
showed agreement within from 2 to 3 parts in 100,000. 
As a result of such work and other work on the silver volta- 
meter, it waa announced in 1911 by the National Physical 
Laboratory that the E.M.F, of the Weston cell had been 
determined to be 1*0183 intematioiial volte at 80^0. (as 
against the provisional value of 1-0184 volts recommended 
by the Conference), and that this value would thenceforth 
be used by the National Physical laboratory. Similar 
statements were issued by the Bureau of Standards and by 
the Keichsanstalt.* 

' Srie Vol. LX VI., p. 742, 
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The above is only a brief official description. There is 
so far no international agreement as to the precise methods 
to be followed in constructing the cell, and therefore some 
notes on various methods and investigations may prove of 
value. 

METHODS USED AT THE NATIONAL PHYSICAL 
LABOBTATOBY (1907). — The method adopted at the 
National Physical Laboratory was last described in 1907,* 
and is as follows : — 

PREPARATION OF THE WESTON (CADMIUM) STANDARD 
CELL (PROVISIONAL DIRECTIONS BY THE NATIONAL 
PHYSICAL LABORATORY). 

Definition of (he Cell . — The cell has mercury for its positive electrode 
and an amalgam of cadmium, consisting of 12J parts by weight of cad- 
mium to 87 i parts of mercury, for its negative electrode. The electrolyte 
consists of a saturated solution of cadmium sulphate, and solid cadmium 
fJblj)hato is contained witliin the cell. A jiaste consisting of solid mer- 
curous sulphate, mercury and cadmium sulphate rests on the positive 
electrode. 

Prepakation of the Materials, 

1. Mercury . — Commercially pure mercury should be squeezed through 
washleathcr and passed in the finely divided condition in which it emerges 
through dilute nitric acid ( 1 part of acid to 6 parts of water) and mer- 
chrous nitrate solution, and afterwards through distilled water. These 
Ihjiuids are conveniently contained in long glass tubes. The mercury is 
then distilled twice in vacuo. Mercury suspected of any abnormal con* 
tamination should not be employed. 

2. Cadmium Amalgam.— k current is passed from* a thick rod of pure 
commercial cadmium to distilled mercury, the intervening liquid being 
cadmium sulphate solution rendered slightly acid with a few drops of 
sulphuric acid. The kathode is weighed before electrolysis commences, 
and again afterwards ; the percentage of oadmiupi in the amaigam is 
then calculated. More thin the requisite amount of c^^dmiu^ should 
be deposited, and the percentage reduced to 12| by the addition of 
mercury. To prevent the anode slime having access to the kathode 
the anode should be contained in a filter-paper cup. m in the Eayieigh 
form of sflver voltameter. Contact with the kathi^e is made by a 
platinum wire sealed into a glass tube, the idTC being thus protected 

♦ Report of the Electrical Standards Oommittiee of tha ' 

Associatioii, 
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from direct contact with the cadmium sulphate solution. An approxh 
mate estimate of the quantity of cadmium deposited is obtained from 
the readings of an ammeter placed in the circuit. The amalgam, with 
very dilute sulphuric acid flooding its surface, is melted over a water 
bath and stirred to ensure homogeneity. It is then ready for use. » 

3. Cadmium. Sulphate . — Procure commercially pure cadmium sulphate, 

CdSOj . 8/3HjO. Powder in a mortar and dissolve in distilled water 
until a saturated solution results ; filter the solution through a fine* 
grained filter paper until it is quite clear. The liquid should then be 
placed in a large crystallising dish and slowly evaporattnl dt a tem- 
perature ()f about 3G'^’0,, when, provided that dust is excluded, many 
transparent crystals of CdS 04 . 8/3Hj() will result. In this way about 
five-sixths of the solution may be evaporated (the mother liquid may 
be used for a preliminary washing of the mercurous sulphate, the manu- 
facture of which is described hereafter). The re-crystallised cadmium 
«uli»hate should bo washed with successive small quantities of distilled 
water, until after standing for ten minutes no trace of acidity can bo 
<lotectod in it with sensitive congo-red paper ; the crystals, still moist, 
an* transferred to a stock bottle. To prejiare the saturated solution the 
crystals are crushed in a mortir and agitated with distilled water. The 
latter may l>e warmed to 35“C. ^ 

4. Mercurous Sulphate . — Add 15 cuhie cm. of pure strong nitric acid 
to 100 grammes of jnire mercury contained in a crystallising dish, and 
place on one side until the action is over, or nearly over. Transfer the 
mercurous nitrate thus formeil, together with the excess of mercury, to a 
beaker containing alKmt 200 cubic cm. of dilute nitric acid (1 of acid to 
40 of water by volume) ; a clear solution should result. Prepare about 
1 litre of dilute sulpliuric acid (1 of acid to 3 of water by volume), and 
while the mixture is hot add the atgd mercurous nitrate solution to it. 
The solution should be added as a very fine stream from the narrow orifice 
of a pipette, and the mixture violently agitated during the mi.xing. 
Mercurous sulphate is precipitated and rapidly settles to the bottom of 
the vessel, when the stirring ceases. Ilccant the hot clear liquid and wash 
the prwipitato twice by decantation with dilute sulphuric acid (1 of acid 
♦o 0 of water by volume). The preoipitato should then be filtered. (A 
small Buchenor filter funnel and a filter flask is very convenient for tliis 
latter oiwration.) Wash the precipitate three times with the dilute 
sulphuric acid (I to 6), and afterwards wash six or seven times with 
saturated ‘cadmium sulphate solution to remove the acid. After each 
washing the liquid should be removed as completely as i^ssible by the 
filter pump. When these operations arc complete the mercurous sulphate 
is fioodod with saturated cadmium sulphate solution and left for one 
hour ; the solution is then tested with congo-red paper In general no 
acid will be detected, and the mercurous sulphate is ready for use. It is 
{sliced in a stock bottle, together with some saturated cadmium sulphate 
solution, and should be kept in the dark. If acid is detected, the washing 
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must be eontinaed. When the cells wre required for obeervAtions of the 
highest precision, the apparently neutral mercurous sulphate should not 
be immediately used. It is placed in a bottle with saturated codmluBi 
sulphate solution, and at tho end of one week the latter is tested for 
acidity. The sulphate is given another washing with tho solution, and 
may then be used if only a trace of acid is detected. 

One of tho following methods of preparation may, if desired, be sub* 
stituted for the foregoing ; — 

1. Ele^rolytic Method . — This preparation is conductoil in a darkened 
room. Pure distilled mercury forms the anode and platinum foil tho 
cathode, the electrolyte being dilute sulphuric aod (1 volume of acid to 
5 volumes of water). Tho mercury is placed in tho bottom of a large 
flat-b.isod beaker, and about twenty times its volume of tho dilute acid 
js added. Contact with the mercury is made by a platinum wire passing 
through a glass tube, and tho kathode is suspended in tho upper portion 
of tho liquid. During electrolysis the electrolyte must bo continually 
stirred, an Lshaped glass stirrer being very efficient, tho foot of the L 
moving close to tho surface of tho mercury. A convenient current 
density is 0*01 ampere per square centimetre of anode surface. Tho 
fuercurous sulphate so prepared is filtered, and the greater part of the 
Tliercury removed ; it is then washed with dilute sulphuric acid and 
saturated cadmium sulphate solution in a manner already described for 
the previous preparation. 

2. By Means of Fuming Sulphuric Acid . — Place distilled mercury in 
a crystallising dish ao as just to cover the bottom. Add sufficient fuming 
sulphuric acid to flood the surface of the mercury to a depth of 2 mm. 
Cover with a clock glass and place on one side for 48 hours. Ifercurous 
sulphate is formed and appears in the crystalline form. Carefully odd 
the salt to hot dilute sulphuric acid (1 to 6) and well agitate. Decant 
the hot liquid. If any caked masses of the sulphate are left these should 
be rejected or crushed in an agate mortar. Wash throe times by decan- 
tation with hot dilute sulphuric acid, and afterwarjls filter and wash 
with saturated cadmium sulphate solution in the manner already de- 
soribod. Sot aside with cadmium sulphate solution for one week rt least} 
test for acidity, and wash as describe for the first preparation. 

The Mercuroue Sulphate Paete.— The mercurous sulphate is mheed 
with about one-fourth its volume of powdered re-crystaUised fsAm nim 
sulphate, and about one-tentb its volume of pure mercury. (When the 
electrolytic sulphate is used, m ihat^prepared with fuming sulphiirio 
acid, no mercury need be added.) To the mixture of mercurous sulphate, 
cadmium sulphate and mercury, sufficient saturated cadmium sulphate 
solution is added, so that when well mixed Uie whole forms a paste. 

Setting Up the CeB. — ^That type of N-form of cell which may he her* 
metically sealed is the most convenient ; if the lower end of each limh 
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ttUghtljr dOfUtrioted, ihe contents 6! the cells are less liable to be dig. 
tnrb^. The platinum wires inside the glass yessel are amalgamated by 
passing an electric current from a platinum wire anode through an acid 
solution of mercurous nitrate to each of the wires in turn as a kathode. 
The vessel is washed out twice with dilute nitric acid, several times with 
water, and finally with distilled water ; it is dried in an oven. A small 
pipette is used for the introduction of the amalgam, and a small thistle 
funnel for the insertion of the paste and crystals. The main stock of 
amalgam is flooded with very dilute sulphuric acid, and it is melted over 
a water bath ; a little of it is introduced into one of the liribs of the 
H- vessel. After the amalgam has solidified this limb must be washed out 
several times with distilled water, care being taken to avoid wetting the 
interior of the other limb. A little distilled water is added, and the amal- 
gam is melted by immersing the limbs of the H -vessel in hot water. 
After the solidification of the amalgam it is washed once more with 
distilled water. Into the other limb sufliciont mercury is introduced 
to cover tlio amalgamatcid platinum wire ; then the paste is added, care 
being taken not to smear the sides of the vessel. Finally, powdered 
crystals of cadmium sulphate are introduced into each limb, and saturated 
cadmium sulphate solution is added. The coll may bo immediately sealed 
with the aid of a blowpipe, but the contents must not be abnormaUy 
heated thereby. The cadmium amalgam introduced should cover the 
amalgamated platinum wire. The depth of the paste should bo from 
(>•5 cm. to 1*0 cm., and the depth of the layer of crystals about 0-5 cm. 
Twenty-four hours after the cell has been set up it may bo used. Its 
-E.M.F. at 15"(J. is MOSj volts. 

Temperature Coefficient . — The E.M.F. at any other temperature may 
bo obtained from the formula given by the Phys. Techn. Reiohsanstalt — 
vis., E/=E„~0-000038{<-20)-0-00000066(«-20)S 

or from the formula obtained at the National Physical Laboratory, 

E^ =Ei 7 -0-0000345(<- 17)-0-00000066(f- 17)*. 

This specifioation is based on observations made at the National 
Physical LalMratory. . 

In a later brief statement by the British Association 
Committee,* it is mentioned that the amalgam may be 
made eithef by electro-deposition or by mechanical mix- 
ing. It should be fused and freed from oxide by washing 
with dilute '^uli)huric acid. 

When the cadmium sulphate is very impure the procedure 
mnminended by the National Physical Laboratory is very 

‘ tiM StoetHoal Stuidards ConmiKtee of the British Asso- 

•ifUiofi; im 
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^similar to that employed for the purHication of ®nG sulphate. 
An excess of cadmium oxide and a little hydrogen peroxide 
are added, and the solution heated on a water bath for 
four hours. It is then filtered, and crystals are separated 
from it at a comparatively high temperature. These 
crystals are washed, dissolved in water made slightly acid 
(to the extent of 2 parts in 10,000) with sulphuric acid, and 
the crystallising processes already described are carried 
out, 

METHODS USED AT THE BUREAU OF STANDARDS. 

Very detailed directions have also been published by F. A. 
Wolff and C. E. Waters, of the Bureau of Standards.* 
These directions are largely similar to the instructions given 
above, but there are certain differences. For the pre- 
liminary purification of mercury, electrolysis is mentioned 
Its an alternative method, using a platinum cathode in 
2 per cent, nitric acid and a current density of Od ampere 
per square dm. The more electro -positive impurities 
thus pass into solution. For secondary standards, pure 
commercial zinc and cadmium may be used ; otherwise, 
the pure metal is made by electrolysis, say from a solution 
of the sulphate or by distillation. The cadmium sulphate 
is purified by re-crystallisation. In the case of zinc sul- 
phate, electrolysis may be employed with platinum elec- 
trodes, and a current density of O-I ampere per square dm. ; 
this is continued until a clean anode no longer shows the 
formation of a film of lead peroxide, thus demonstrating the 
absence of lead. For making amalgams, the zinc or 
cadmium, as the case may be, is first treated with dilute 
sulphuric acid to remove oxide, and is then washed ; the 
required quantity is then treated with the mercury. It is 

♦ “ Preliminary Specification for Qark and W^ton Stand^ Cellf,” 
of the Bureau of Standard, Tol. 111., p. 623, 1907 ; and Vol. 
1V«, p. li 1607. The latter ih itMhrtIf #1^# in WL Iitl, 

pp. 674 and 711,1903. 

aa 3 
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preferable, however, to use the electrolytic method. The 
tarnishing of amalgams is not important. Commercial 
mercurous sulphate may contain basic mercurous sulphate, 
basic mercuric sulphate, traces of nitrate and other im- 
purities. Pure mercurous sulphate hydrolises in water, and 
even in dilute sulphuric acid, so that washmg with water, as 
previously specified, should not be adopted. Commercial 
mercurous sulphate gives an E.M.F. higher than the normal, 
but this gradually falls. The size of grain may have an 
effect on the E.M.F., and it should be remembered that 
mercurous sulphate is acted upon by light. Pure mercurous 
sulphate may be prepared (1) by electrolysis, the mercury 
and acid being stirred to prevent the formation of mercuric 
sulphate ; (2) by forming nitrate from mercury, and thence 
the sulphate ; (3) by combining the steps and acting upon 
mercury by sulphuric acid (1 part of acid to 2 of water), 
containing a small percentage of nitric acid ; (4) by the 
reduction of mercuric sulphate with mercury ; (5) by re- 
crystallising commercial mercurous sulphate. For secon- 
dary standards commercial mercurous s\ilphate may be 
digested with hot dilute sulphuric acid and mercury for 
three hours at a temperature of lOOT. with vigorous 
atirring.* In making up the paste, if the mercurous 
sulphate is kept in acid, the salt must be washed first with 
sulphuric acid to remove any mercuric sulphate and then 
with alcohol. If the mercurous sulphate is white, mercury 
should be added in making the paste. 

ELBOTBOLTnO METHODS OF PBEPARIKO MEB- 
OTTBODB BXMiPHATE. —Undoubtedly the most sensitive 
constituent of standard cells is the mercurous sulphate, 
and much labour has been spent m its investigation. The 

* A ftmilM method is recommended by C. J. J. Fox {The Ekctriciant 
Voh LXIII., p. 835, 1909), the temperature being 120 deg. to 150 deg., 
and the time of heating extending to a day or so. 
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various methods have been discussed by F. E. Smith.* The 
preparation of this salt has also been investigated by G. A. 
Hulettjf who prefers the electrolytic method. In using this 
method, as already mentioned, care must be taken to keep 
the newly formed mercurous sulphate from lying on the 
surface of the mercury. On this account it is an advantage 
to use an inner vessel for the mercury, as shown in Fig. 172, 
80 that a good deal of the sulphate in suspension finds its 



Fia. 172. — Arrangement for Electrolytic Production of Mercurous 
Sulphate (Hulett). 

way into the outer vessel, where it can settle to the bottom 
without doing any harm. The stirrer is made of glass rod, 
as shown, the horizontal arm being just above the" surface 
of the mercury. The vertical part is held by a brass tube, 
b, which runs in bronze bearings in the tube h. A pulley, P, 

* Report of the Electrical Standards Committee of the Britiih AiSO* 
elation, 1904. « • 

t Physical Remew, Vol. XXXII., p. 257 ; The Electrician, Vol LXVIt, 
p. 129, 1911. 
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is provided, and the stirrer is dnven at about 200 revs, pet 
min. With fresh acid a skin iorms on the surface oi the 
mercury ; but after interrupting the current several times, 
until the acid becomes saturated and the solid sulphate 
appears in suspension throughout the acid, there is no 
further trouble. The current density employed is from 
1 to 2 amperes per square dm. of mercury anode sur- 



, Fie. 173. — Blectroljbic Production of Mercurous Sulphate with a 
? * Mercury Jett Hulett). 

face. The resulting sulphate is grey, from the presence 
of finely divided mercury, which is an advantage, as it 
checks any tendency to oxidation. Usually 60 pr 60 
^mines of the sulphate were prepared in one run. 

'A simpler method is illustrate in Fig. 173. The diffi- 
oi^ty of stirring is here eliminated by using the mercury as 
the anode imd runninff it into the bath in a fine strem. 
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For this purpose the stem of the funnel is drawn out into a 
eaiuUary of such a bore that it takes about five minutes 
for 10 c.c of mercury to run through. The tip is allowed 
to dip below the surface of the acid, of which the specific 
gravity is 1*15. The mercury forms a spray on entering 
the acid until the current (of 2-3 amperes) is allowed to flow* 
when the drops coalesce into a thread, which is mostly grey 
in colour, from the formation of sulphate. 

Alternating current has also been used for preparing 
mercurous sulphate, and this procedure is favoured by the 
Laboratoire Central d’Electricite at Paris. This method 
can be easily used by employing two streams of mercury 
flowing into the same beaker of acid, the mercury in the two 
funnels being used as the two electrodes. Hulett used a 
current of 5 amperes at a frequency of 60 ; the efficiency 
yas as high as with continuous current, and the resulting 
salt seemed to be the preferable of the two. The sulphate 
prepared by flowing electrodes is white. 

The sulphuric acid is gaierally removed from the mer- 
curous sulphate by washing with alcohol ; but Hulett states 
that three washings with saturated cadmium sulphate are 
sufficien b with proper precautions, the alcohol being omitted. 

SIZE OF GBAIN OF THE MEBOUBOUB SOLFHAtE- 

It is generally .iBcoguised that the mercurous sulphate 
crystals should not be so small as to have an abnormal 
solubility, or so large as to be inefficient as a depolariser. 

The size of grain is a curious point which has been intes*' 
tigated by H. v. Sfceinwehr.'*' Very large crystals of mer- 
curous sulphate were prepared, and these werfe used partly 
in this form and partly as fine crystals obtained by poundmf 
the large crystals. A diflerence in E.M.F. amouatiligi to 
00006 volt wafr’foond between the fine and the large ctystals, 
the fine crystals giving the higher E.M.F . It is difficult to 
♦ ZeUsehrifl fur In^rumentmkunde, Vol XXV., p. 206, 1906. 
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understand this result, except in so far as fine grains have 
a greater solubility, and therefore would give a higher 
E.M.F., but such an increase would probably be so small as 
to be negligible. G. A. Hulett,* on experimental evidence, 
denies the results obtained by H. v. Stein wehr, and attributes 
them to hydrolysis, F. E. Smithf also failed to confirm 
V. Steinwehr’s results. 


THE FOBM or CELL,— The following directions are 
given by the British Association.^: The H-form of cell due 
to Lord Ilayleigh is the most convenient, and is in general 
use. Two patterns have been adopted. In Fig. 174 a form 
is shown in which the electrodes are sealed into the lower 
ends of the two vertical limbs, while in the form shown in 
Fig. 175 the electrodes pa.ss through the glass tubes into the 
lower ends of which they are sealed. Form 1 can be her- 
metically sealed, and is intended to be immersed in an 
insulating liquid. Form 2 is sealed with marine glue, and 
may be immersed in ice or water. The hermctical sealing 
of form 1 was suggested by Lord Kayleigh§ and later by 
Prof. Carhatt.|\ The glass W\)es 'iJ&.t- 


trodftft are introduced in form 2 pass through corks which 
have been previously boiled in vrater and soaked in cad^ 
mium sulphate solution. In addition to the hole whici 
allows of the passage of the electrode, a second hole is borec 
through these corks for the passage of small glass pipettes 
After the cell is filled, these additional holes are fitted witl 
email corks, and the cell is finally sealed with marine glue 
The position of the various parts is shown in the figure 


t PhU, SPmw. (A), Royal Society, Vol. OCVII., p. 393, 1009. 
ppm. Tram,, Vol CLXXVl, p. 42, 1888. 
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(Both forms of glass vessels are stocked by A. C. Cossor, 
Ltd,, of 59-Gl, Clerkenwell-road, London, E.C.) 

It is sometimes found that the cell cracks where the 
platinum which makes contact with the amalgam is sealed 
into the glass. Such cracking practically never occurs with 
Weston cells. The difficulty with Clark cells may be 



A»Ama!gain« 

C«Cadmium sulpluto crystals. 
G««Marine glue. 

K-Cork. 



Fia. 176. 


M=*M«rcury| 

P= Paste. 

S^Saturated solution of cadmium 
sulphate. 


avoided by sealing glass capillaries over part of the platimun 
wires inside the cell. When these capillaries arc about binin* 
long the cells last for a great many years. At the National 
Physical Laboratory cells of this kind constructed eight 
years ago are still in good condition. With Kahle’s fomif 
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shown in Fig. 176, there is no trouble. In this fomi a- 
si<ie tube is used, and the platinum is carried down about 
2 cm. below the seal. While the amalgam is still liquid it is 
sucked half-way up the platinum and allowed to solidify* 
In this form of construction there is also less chance of the 
platinum making contact with the electrolyte. The otbei 
terminal should be covered with mercury to a depth of at 
least 10 mm. In sealing off the cell, a cork which fits the 




Fia. 177.— Hulett’i Cell. 


tube and has a glass rod extending irom it may be con- 
veniently used for drawing out the heated tube. 

G, A. Hulett* advocates the type shown in Fig. 177, 
with very much longer vertical limbs (20 cm. long). Th^ 
ctxMNkf'tube 18 -®t the same height -as in the shorter formi^ 
fthd the solution is only carried up a little above the cihss 

*Pkyska Vol. XXXII., p. 257, 1911; Th Ekeiricim Vol 

fcXvn., p, 129, 1911. ' ; 
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4abe- There is, therefore, a long free space above the 
solution. The electrode wires may be made up of copper, 
with platinum at the end for sealing and to act as electrodes 
in the cell. This longer form has the advantage that cells 
can be conveniently bound together and can be placed in a 
deep bath, so that the temperature conditions are good and 
yet the, insulation is not impaired. Tube electrodes, as 
compared with those which are sealed into the cell, have the 
advantage that they can be amalgamated by holding them 
for a few minutes in boiling mercury in a test tube. 


POETABIUTY.-At the National Physical Laboratory, 
in order to make standard cells portable, constrictions are 
made in the lower ends of the tubes and a thick layer of 
finely pounded cadmium sulphate crystals is introduced 
iiito each limb above the paste and the amalgam respec- 
tively, Saturated cadmium sulphate is then added, and 
the cells are exposed in a warm room for a week or more 
to allow some of the liquid to evaporate, and thus to cement 
together the loose crystals. This crystalline plug keeps the 
contents in their proper place, and enables the cell to be sent 
by post without risk of the constituents being displaced. 

The only objection to this method is that the internal 
resistance is high and varies from cell to cell, and in hot 
climates the plug must be very thick to allow for crystals 
passing into solution at the higher temperatures. On the 
other hand, care must be taken, if some other material is 
used as a plug, not to introduce harmful bodies. This 
difficulty has been overcome by H. Tinsley^* who, as a 
manufacturer, can speak with authority on the subject, 
by using a cork ring on the under side of which is sewn a 
linen disc, thus forming a small drum head. This is forced 
down on to the top of the cadmium sulphate crystals. The 


♦ The Electrician, Vol. LXV., p. SS8» 1910* 
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linen is freed from it3 dressing by prolonged boiling in 
water. For hot climates a few crystals are added above 
the drum head to maintain saturation. This form of con- 
struction, which is shown in Fig. 178, is stated to be very 
satisfactory. The internal resistance in this type of cell 
is 700-800 ohms, whereas in the older type the figure varies 
from 1,000 to 2,000 ohms, judging by Tinsley’s, tests of 
five cells. 



Fio. 178. — Tinsley’s Portable Form of Cell, 


In order to secure portability, a special form of cell has 
been proposed by R. E. de Lury.* A single straight tube 
is used divided into two compartments about half-way 
along its length by means of a plug of asbestos. The mid 
part of the tube in both directions is shaped on the principle 
of an unapillable ink bottle, so that any free mercury cannot 
pass from one end to the other. 

^ Ph^dctd Bevmv, Vol XXV., p. 492, 1907 ; The Eieettician, fol 
LX.. j!». 805 . 1908 . 
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EM.F. OP H AND BOARD OP TRADE TYPB8.*~ 

In 1892 it was stated by Kahle, in a l^aper road before the 
British Association, that the H-form of cell had an E.M.F. 
0 0004: volt lower than the tube form adopted by the Board 
of Trade. This statement was generally accepted, but later 
work by F. E. Smith* has shown that there is no foundation 

for this view, for either Clark or Weston cells. 

• 

EFFECT OF COMPOSITION OF THE AMALGAM.- 

There has been considerable discussion on the percentage 
of cadmium that should be med in the amalgam. Many 
observers have noticed variations of E.M.F. which they 
have attributed to the amalgam, but the observations have 
not infrequently been at variance. 

A careful study of the subject has been made by F. E. 
Smith, t who found that the E.M.F. properties of an amal- 
gam depend upon whether it is wholly solid, partly solid 
and partly liquid or wholly liquid —that is, upon whether 
there are present one or two phases, as it is termed. If a 
body is partly liquid and partly solid, there are two phases 
present, the liquid and the solid. If a solid amalgam is 
heated, at the moment of transition from the single i)ha8e 
to two phases there is an immediate change in the tem- 
perature coefficient of the E.M.F. between the amalgam 
and a .solution of cadmium sulphate, and there is again a 
change when the amalgam becomes wholly liquid, When 
there are two phases and the temperature is varied the 
relative proportions of the phases change, but the E.M.F. 
does not vary; and thus stable amalgams cont-aining 
different percentages of cadmium, but possessing the two 
phases, have the same E.M.F. towards a solution of cad- 
mium sulphate. On the other hand, if the amalgam is 

• Report of the Electrical Standards Committee of the British Amo- 
ciation, 1904. 

^Proceedings, Phjwoal Society of London, Vol. XXII., j>. 11 ; PkfL 
Mag., Fehmary, 1910, p. 250. 
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wholly liquid or wholly solid, the E.M.F. varies with the 
percentage of cadmium. This is seen from Fig. 179. which 
shows the variation of E.M.F. with percentage of cadmium 
for various temperatures. 



JPie, 179.*— CurvoB showing the variatioji of the E.M. F. with the* perceatago 
of Cadmium in the. Amalgam (F. £. Smith), 

It follows, therefore, that instability will occur at -both 
points when the amalgam becomes wholly Hquid 
or wholly solid. Although mating points and freezing 
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|)omts are definite, the completion of the change to all liquid 
or all solid may take a considerable time if the temperature 
of the cell is near the transition point and dunng this time 
the E.M.F. must vary. Moreover, the condition of the amal- 
gam varies with the heat treatment that it has experienced. 



Fia, 'Piagr»m tbowing th« Limitf of Tempera* urs for.. 
Different Amalgams (F. £. Smith). * * 

For example, slow cooling would tend to give an upper 
layer richer in cadmium than lower down, whereas rapid 
cooling would give a more uniform composition. 

Mhm the condusion is reached that the percentage 9f 
cadmium should be such that the two transition pmnts are 
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outside the range of ordinary working temperatures. This 
is indicated in Fig. 180. From this diagram it is seen that 
a ]2| per cent, amalgam has a transition point to the solid 
state that is undesirably high (12-1°C.), and, consequently, 
F. E. Smith recommends a 10 per cent, amalgam rather than 
the 12 J per cent, amalgam which has so far been adopted 
for the normal cell. Fortunately, at temperatures down 
to 0*^0., a 12^ per cent, amalgam may still be in a two-phase 
condition^ owing to differences in concentration, and thus 
the E.M.F. is not necessarily affected. 

The working temperatures in Table X. are given by 
F. E. Smith* for amalgams containing from 6 per cent, 
to 15 per cent, of mercury : — 


Table X. — Temperature Limits for Various Amalgams. 


J’orcentago of 
cadmium in 
the amalgam. 

Limits of temperature for use of Weston cell. 

Lower limit. 

Upper limit. 

6 

Below 0®C. 

27‘7®C. 

7 


34*6® 

8 


410® 

9 1 


460® 

10 


510® 

11 

About 0®r. 

660® 

12 1 

8-7® 

600® 

12*5 

121® 


13 

161® 

1 above 60® 

14 

24-0® 


15 

32-5® 

' 


The results of this investigation are explained in a Paper 
by S. W. J. Sraithf in terms of the theory of alloys and 
solutions. It follows from the process of crystallisation 
that th^ surface of a slowly cooled amalgam will generally 
contain a lower percentage of cadmium than the material as 
a whole, and may even be fluid, although, according to the 
temperature and composition, the amalgam should be a 
•Xoc. cit 

Proewdingaf Physical Society of London, Vol. XXII., p. 369 
Phil Mag,, July, 1910, p. 206. 
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uniform solid. Thus, the E.M.F. with a quickly cooled 
amalgam may be higher than with one of the same com- 
position cooled slowly, as was, indeed, found by F. E. 
Smith. 

TEMPER ATUEE COEFFICIENT AND LAO.— The tem- 
perature cootiicient is approximately — 0-00<)04 volt per 
degree in tlie neighbourhood of 20°C., so that tempciature 
variations are often negligible. 



Fig. 181. — Recovery Curve of nuddenly cooled from 55®C. to 17®C. 

(F. E. Smith.) 

The lag of E.M.F. with respect to change in temperature is 
also very much less than in the case of the Clark cell, the 
actual extent of the lag depending, however, upon t^e con- 
struction of the cell. Fig. 181 is given by F. E. Smith’*' to 
illustrate an extreme case. It refers to a cell of the usual 
H-form which was initially at a temperature of 55°C. (for 
the preceding 12 hours), and was then immersed in oil at 
* Phil. TruM. (A), Royal Society, Vol. CCVII., p. 393, 190S. 
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17°C. After 20 minutes the E.M.F. was normal to 1 part 
in 4,000 ; after a total interval of 40 minutes it was correct 
to 1 part in 10,000, and after one hour to about 7 parts in 
100,000. But it required 14 days to bring the E.M.F. to 
within 2 parts in 100,000 of the correct value. 

HYSTEKESIS. — It is sometimes found that, although 
the E.M.F. of a cell changes with ascending teinperature in 
accordance with the temperature E.M.F. formula, with 
descending temperatures the E.M.F. changes too rapidly, 
corresponding to values at tempeiatures lower than the 
temperature of the cell by from ,TC. to lb°C. This be- 
haviour is known as “ hysteresis,'’ and is not the same thing 
as the lagging of E.M.F. behind temperature as described 
in connection witli the dark cell. 

During the last few years this subject has been investi- 
gated in detail at the National Physical Laboiatory.* If 
appears that the defect is due pai tly to hydrolysisf of the 
mercurous sulphate and partly to complex ions. There is 
some evidence that complex ions exist both in solutions of 
cadmium sulphate and in those of mercurous sulphate and 
cadmium sulphate mixed. Jn the latter case a molecule 
of HgjSO* appears to attach itself to an SO« ion. The use 
of free sulphuric acid was investigated with a view to 
stopping hydrolysis. It is int^^resting to note that when 
the solution in the positive limb is made up with a normal 
solution of sulphuric acid instead of water the E.M.F. is 
diminished by 0 01030 volt ; when the solution in the nega- 
tive limb alone is similarly made up with acid the E.M.F. 
is incre^ed by 0*00965 volt ; and when the whole of the 

♦ The Electrician, Vol. LXXI., p. 294, 1913 ; VoL LXXIII., p. 574, 
1014 ; and Vol. LXXV., p. 463. 

t H. S. Carhart and G. A. Hulett {Tranmetionet American Electro- 
chemical Society, Vol. VI., p. 109) express the change by hydrolysis as 
f ottowa : — 

3Hg,S04-)-2H,0«(Hg0H)jHg^04-|-2HgHS04. 



STANDARD CELLS. 


369 


solution in a cell is made up with normal acid saturated 
with cadmium sulphate, instead of a purely a(^ueou8 solu- 
tion, the E.M.E. is diminished by 0 ()0005 volt. 

The net result, so far, is that a coll will docrease in E.M.F. 
if the depolariser is partly hydrolised, the rate of change 
depending on the extent of the hydrolysis in the layer of salt 
next to^the mercur}" surface. The fonration of complex 
ion'i leads to an increase of but the mercury ion 

concentration diminishes somewhat rapidly in the presence 
of a large surface of mercury. In any ease, a cel! sfiould be 
rejectc'd if it shows liystcrosis, because the E.M.F. is not 
likely to remain constant. It aj)]«‘ars that the liiost con- 
stant form of cell is one containing a small (jnantity of free 
acid with a grey depolari.ser, the grey colour being duo tf> 
ihc presence of minute globules of mercury. 

* BEPBODUCIBILITY, — The remarkable accuracy with 
which the Weston cell can be set up is simwn by th(‘ 
international expeiiments* embodied in Table XI. The 
differences are givtm between Die E.M.F.s of the cells and 
the reference standards of the various laboratories. 

It is interesting to note in an earlier report that of f>7 cells 
(presumably by outside makers) tested in ItK)9 at the 
National Physical Laboratory agreed with the Laboratory 
standards within 1 part in 10, (KK). 

The high degree of reproducibility which has been 
attained in the making of standard cells is illustrated by 
15 Clark cells and 13 Weston cells set up by H. L. Bronson 
and A. N. Shaw,t according to the specification of Woll! and 
Waters. These were indirectly compared with the reference 
cells &t the Bureau of Standards, and directly with five cells 
made at the National Physical Laboratory. The mean of 

♦ Eeport of the Electrical Standards Committete of the Rritiah 4 .^^- 
oiation, 1912. 

t The Ekeirician, Vol. LXIII., p. S44, 1909; also Vol. LXVI, p. 691. 
1911. 


BB 2 
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Table XI , — Results of International Comparisons. 

Differences in Microvolts. 

B.S.=Bttreau of Standards (Washington) ; N.P.L.=National Physical 
laboratory (London); P.T.R.=Phy8ikali8ch*Techni8che Reichsanstalt 
(Berlin) ; L.C.E. — Laboratoire Central d’Electricite (Paris). 


Standard 
cell No. 

B.S., 
Juno & 
July, 
lOU. 

1 

N.P.L., 

Aug., 

1911. 

P.T.R. 
Sept. & 
Oct., 
1911. 

N.P.L.. 

Oct., 

1911. 

L.C.E., 

Oct., 

1911. 

N.P.L., 
Nov, & 
Dec., 
1911.* 

B.S., 

Jan., 

1912, 

2fi2 

~ 0 


- 70 


- 80 

- GO 


2(i7 

41 


0 





2«8 

37 


~ 15 





r>i 

- 58 


- 70 


- 30 



:i2 1 

- 00 


-115 


-130 


... 

301 ; 

- 24 

- 5 

- 30 


- 15 


-40 

304 

1!) 

23 

0 


0 


7 

300 

- 30 

- 27 

- 45 


- 20 


-50 

310 

0 

i - 4 i 

- - 25 


- 10 


-44 

A1 

- 13 

! - 12 : 

- 15 


- 10 


-22 

43 

2 

; 3 

1 - 30 

i !!! 

5 


0 

44 

0 

j 

- 15 

- 7 



- 1 

10 

- 27 


- 45 

- 30 



-28 « 

22 

- 31 


- 40 i 

~ 29 



-30 

238 

1 - 2 

! ••• 

20 

52 



-10 

350 

- 24 


- 20 

1 

... 


-24 

352 

- 31 

! 

- 45 

- 30 

... 


-.30 

133 





30 


34 

142 





30 


33 

13 




... 


-”*0 

- 5 

1-33 




... 


- IG 

-10 

17 




1 ... 


1 - 5 

- 8 


the 15 Clark cells was found to differ from the Bureau of 
Standards Clark cells by less than 14 microvolts. The mean 
of the 13 Weston cells differed from the Bureau of Standards 
Weston cells by less than 4 microvolts, and from the mean 
of Weston cells from the National Physical Laboratory by 
less than 5 microvolts. 

t * 

CONSTANTS OP STANDAED OELLE-In Table XII. 
are given various determinations of the E.M.F.s and tem- 
perature coefficients of Clark and Weston standard cells. 
T^e closeness of the values obtained in recent years show 
the very high accuracy with which the absolute ampere can 
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now be obtained. It will be noticjed that the mean E.M.F, 
seems lower than the E.M.F. of the Weston cell as officially 
adopted ; but since the results are really expressed in 
“ semi-absolute ” volts in absolute determinations this may 
be explained by the fact that the international ampere is 
probably a little lower than the absolute ampere. 

STAJ^DABD CELLS IN ELECTRICAL MEASURE- 

MENTS.~In using a standard cell it is generally advisable to 
have a high resistance, say 10,000 ohms, in series with it 
in order to avoid a short-circuit and consequent polarisa- 
tion. Usually there is no reason to fear that^the small 
currents required in such tests as are carried out with a 
potentiometer or a condenser will cause any appreciable 
polarisation. So far back as 1884, Kayleigh* observed 
that Clark cells recovered rapidly from the effects of being 
placed on a circuit of 500 ohms. Callendar and Bamesf 
are of opinion that short-circuiting is beneficial to new 
cells which have not yet reached a steady condition, and the 
present Author has found that Clark cells maintain their 
condition better when in use than when out of use. 

Even a brief short-circuit is not a serious matter, for the 
internal resistance is high, and thus the current obtained 
on short-circuit is comparatively small. The rapid recovery 
of Weston cells after short-circuit is illustrated in Figs. 182 
and 183, which shows results obtained bj^ F. E. Smith.} 
Fig. 182 refers to a cell which was short-circuited for one 
minute, and Fig. 183 to one that was short-circuited for 
five minutes. The cell which was short-circuited for one 
minute was correct within a ten thousandth* of a^volt one 
minute afterwards, but 40 minutes were required for its 
recovery to 1 part in 100,000. The other cell was nearly 

• Phil. Trans., Vol. CLXXV., p. 411, 1884. 

t Proc. Roy. Soc., Vol. LXII., p. 117, 1897. 

t Phil, Trans.” (A), Royal Society, VoL CCVII., p. 303, 1908* 
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1 part in 1,000 low one minute afterwards ; at the end of 
a second minute it was low by 1 part in 2,000, and after 
five minutes it had recovered within 1 part in 5,000. About 
hours were required for its complete recovery, 

E.M.F. 

1-01830 


1*01825 


"cj 


1*01820 


1*01815 


Fkj. 182.— ilocovery Curvt* of (V-ll short-circuited for 1 minute, 
(F. E. Smith.) 

F.M.F. 
j-oiaiO 


1*01780 


I 


1*01730 


1*01680 


Minutes, 

' Fio. 183.-*Rocoveiy Curve of Cell Bhort-circuited for 5 minufa*. 
(F. E. Smith.) 
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Bimilar results have been given by P. I. Wold,* and the 
subject has also been investigated by S. J. Barnet.t 
Standard cells are not often used on circuits requiring 
an appreciable current. It is, however, sometimes con- 
venient for the purpose of calibration to be able to put 
such a cell direct on to a galvanometer used as a voltmeter. 
In such a case the cell must be large so as to avoid polarisa- 
tion, and this method can be used only for galvanometers 
of high resistance, the latter also being large in comparison 
with the internal resistance of the cell. The behaviour of 
standard cells when supplying a current has been studied 
by U. Threlfall and A. Pollock^ and by H. Tinsley. § 

In accurate measurements it is necessary to know the 
temperature with some exactness, unless the temperature 
coefficient is very small. On that account, cells should be 
.placed in a water bath if the terminal wires do not become 
immersed, or in an oil bath if the cells are of the ordinary 
H-fonn. It should, however, be borne in mind that it is 
useless to go in for rehnements of measurement in one 
quantity if corresponding refinements cannot be carried into 
the measurement of every other quantity which is involved 
in the experiment to the same extent. For example, if 
the value of an E.M.F. is to be determined by reference to a 
standard cell, it is useless to determine the temperature to 
a higher degree ol accuracy than that corresponding to the 
accuracy to which the E.M.F. of the cell is known, having 
regard to its variation with temperature. But in certain 
cases it may be necessary to make more careful corrections. 
For example, it may be required to compare^ one cell with 
another ; here we may desire to know whether there is a very 
small difference, irrespective of whether we can accurately 

determine the whole value of either E.M.F. in itself. 

'^•PhyM Rtvic^, VoL XXVIli; 132, 1909. 

“t Phygietd Review^ Vul. XVUl., p. 104, 1904. * 

X Phil. Mag., 5th Seim, Vol XXVIII., p. 353, 1889. 

$ The Ekcirician, Vol. XLVII., p. 991, 1901, 
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The importance of the Weston cell as a practical standard 
cannot be over estimated, but the cell must not be regarded 
m being more than a convenient means of producing a 
commercial standard in terms of the volt. Considering the 
many processes which have to be undertaken to produce 
such a standard, on which nearly all measurements of 
current, voltage and power now depend, the achievement 
is remarkable. A word of caution is, however, necessary 
to those who use the cell for accurate work, such as the 
checking of meters, on which the financial rcluins of elec- 
tricity supply undertakings depend. In such work there 
should be'a systematic and periodical check on the standard 
cell by the use of at least three or four c<*lls which may be 
checked against each other so as to detect any secular 
change. Probably no cell is perfectly constant, and ex- 
perience shows that both Clark and Weston cells tend to 
fall in voltage, so that a serious error may result after several 
}'ear8 if no such precautions arc taken. 

In such secular changes impurities no doubt play an 
important part. Mr. H. Tinsley informs the Author that 
he has for years held the view that impurities in cadmium 
sulphate may be carried over after two or three recrystal- 
lisations and may have an important effect on the E.M.F. 
of the Weston cell, apparently due to traces of iron and 
other metals. So far, English manufacture rs do not appear 
to have produced a sufficiently pure zinc sulphate. 

HBLMHOLTZ 8TANDABD CELL. 

Some attempts have been made to produce a cell whose 
E.M.F. should be exactly 1 volt, with the idea that such a 
cell W'ould be more convenient than one having an E.M.F. 
which is not a round number. The practical advantage, 
however, does not really amomit to very much, for the 
E.M.F. can only be exactly 1 volt at one particular tem- 
perature. A ceil of this kind, containing chlorides instead 
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of the usual sulphates, appears to have been first described 
by Helmholtz. The E.M.F. is only approximately 1 volt, 
but may be adjusted by varying the density of the elec- 
trolyte. This use of an misaturatcd solution is not objec- 
tionable so long as a cell Ls perfectly sealed, but if evapora- 
tion is possible a change in the E.M.F. necessarily occurs. 

Carhart found that 10 per cent, increa.sc in the density 
of the zinc chloride solution produced 3-5 per cent, de- 
crease in the E.M.F., and that the density should be 1-391 
at 15 deg. to give 1 volt. It therefore appears that an 
error in thedeasity doe.s not cause a correspondingly large 
error in the E.M.F. Carhart* gives the followin|^ descrip- 
tion of the cell : “ In the bottom of the tube is pure mercury 
in contact with a platinum wire ; on tliis a pa.sle of mercurous 
chloride and the zhic chloride solution ; a cork diaphragm 
follows, holding the mercury and paste firmly in position, 
csf)ecially with some asbestos packing under the cork ; zinc 
chloride is then added to the proper depth, and an amalgama- 
ted zinc rod, supported by a cork, completes the electrical 
combination of parts. The cell must be hermetically sealed 
as usual. Such a cell is perfectly portable and gives promise 
of long life. Its internal resistance is about 1,500 ohms, 
and it docs not appear to suffer permanent change by 
heating to 50°C. or even to (K) deg.” The cells also appear 
to be capable of giving constant results, mention being made 
of one cell which had maintained its E.M.F. for six years. 

The chief advantage of this cell lies in the fact that the 
temperature coefficient is small. Carhart gives the follow- 
ing equation between the E.M.F. and temperature : — 

E - 1+0-000094 (<- 15). • , 

It will be noticed that the coefficient is positive, whereas 
that of the Clark cell is negative. 

The Helmholtz cell has also received attention from W. 
Hibbert, who obtained satisfactory results. A difficulty 
• American Journal of Science, Vol. XL VI., p. 00, 1893. 
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arises in the purification of the zinc chloride owing to the 
impossibility of crystallising the salt. This property of non- 
crystallisation is an advantage in the cell itself, because 
changes in density caused by solution and crystallisation 
do not take place, but this convenient method of purification 
has to be replaced by one that is less definite. It is found 
sufficient to warm the zinc chloride solution with zinc 
foil, which precipitates cadmium or other electro-negative 
metallic impurities and at the same time effects neutralisa- 
tion. The specific gravity of the solution in the cell should 
be nearly 1*38. The zinc should be of good quality and 
amalgaihated. The mercury and mercuroius chloride 
should also be pure. 

There appears to be no difficulty in securing good agree- 
ment between these cells, and they do not suffer from secular 
change, if properly sealed, at least in three or four yea^s. 
The internal rasistance is about 500 or GOO ohms, and the 
value of the temperature coefficient is stated by Hibbert 
to be about 0'0(KK)85 voli per degree. 

Owing to the developmejit of the Weston cell, it is im- 
probable that the Helmholtz cell wall receive further con- 
sideration at the hands of physicists. 
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Adams and K. E. Day* found that light is also capable of 
producing an E.M.F. in selenium itself. 

GENERAL PROPERTIES OF SELENIUM. 

Selenium was discovered in 1817 by Berzelius in the 
deposits from sulphuric acid chambers. It is closely akin 
to sulphur in many of its properties, and, like that element, 
it exists in several allotropic modifications. The informa- 
tion given on this point in text-books is not very dependable, 
and we shall, therefore, rely upon a careful investigation of 
the mor«‘ (Viemical properties by A. P. Saunders.f According 
to this investigator, seleniuiti exists in the three following 
iorins : (1) Vitreous and amorphous, (2) red crystalline, 
perhaps in two closely allied forms, and (3) grey crystalline, 
or metallic, which is conducting. The first two classes are 
uon-conductiTig. In the three following paragraphs the 
properties of these modifications are given in detail. 

VITREOUS AND AMORPHOUS SELENIUM.— If any 

variety of seienium is heated above 22(k^C., it forms an 
ordinary licpiid, but if this is cooled quickly it becomes more 
and more viscous, remaining soft even below (>0°0. ; but at 
30"’C. to it becomes hard, and is then known as 

vitreous selenium, having a conchoidal glassy fracture. In its 
plastic condition it may be drawn into long threads, which 
are transparent and of a ruby colour by transmitted light. 

If selenium is deposited from an aqueous solution of 
selenious acid (for example, by passing a current of sulphur 
dioxide Ahrcaigli the solution) a precipitate is obtained 
which, when dry, forms an impalpable powder without any 
trace of crystalline form. This is known as amorphous 
selenium. 

\Proc€€ding9, Royal Society, Vol. XXV., p. 113, 1876, 

t Jourtuxi of Phywal Chemisiry, VoL IV., p. 423, 190U. 
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Vitreous selenium gives a red streak on paper. When 
powdered it is grey ; but if powdered very fine it becomes 
red, and is then indistinguishable from the red amorphous 
selenium. 

If amorphous selenium is warmed to 40'^C. it darkens and 
coagulates to a soft mass, which, on cooling, becomes hard 
and brittle, assuming somewhat the features of the vitreous 
form. 

Apparently the vitreous and amor])hous varieties differ 
only in the state of aggregation. It is found that liipiefied 
selenium is slightly soluble in carbon bisulphide. Also, 
freshly precipitated amorphous selenium under’ certain 
conditions is soluble in water, and is then known as soluble 
selenium. This property, however, is lost with the lapse 
(/I time. 

jriie vitreous form is ([uite stable by itself at ordinary 
temperatures, and is the form in which selenium is ordinarily 
sold. 

The specific gravity of amorphous vselenium is 4-20 and of 
vitreous selenium 4-28. 

RED CRYSTALLINE SELENIUM (non-conducting).— 
This variety separates from solutions in carbon bisulphide, 
or it may be obtained by allowing the vitreous or amori)hou8 
form to stand in carbon bisulphide, or some other solvents, 
at ordinary temperatures. Saunders is of the opinion that 
it is probably able to exist in two different forms, both 
belonging to the same crystal system and both soluble in 
carbon bisulphide. There are indications of an unstable 
melting point at 217°C. The specific gravity df red cr}^8- 
talline selenium is 4-28. 

aBEY CRYSTALLINE SELENIUM (conducting).— 
The grey crystalline, or metallic, form is obtained from the 
other varieties by heating, and in the presence of certain 
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liquids this change takes place even at ordinary tem- 
peratures. This variety may be regarded as the stable form 
of selenium, into which the other forms tend to pass, being 
stable at all temperatures up to the melting point, which is 
217 deg. The other forms are unstable, the red cr}^stalline 
being intermediate between the grey crystalline and the 
vitreous. Although it is a simple matter to change from the 
two other varietitis into the grey crystalline, Saunders was 
unable to bring about a change in the reverse direction. 

It has been noticed by some observers (notably by 
Saunders) that (quinoline and some kindred organic bodies 
have thoi property of converting amorphous selenium, at 
least superficially, into the metallic form. 

Selenium is polymorphous, the form of the crystals 
depending on the conditions in which they aie produced. 
F. C. Brown’*' has obtained a number of different forms by 
vaporising s 'lenium and allowing it to condense on a cool 
surface. All these w'cre conductors of electricity, and all 
but one were doubly refracting. Some crystals are soluble 
in carbon bisuljrhide and some are insoluble. 

The speciFic gravity of grey crystalline selenium is 4’80. 

ELECTRIC CONDUCTIVITY. — The resistivity is high, 
being of the order of 2 X 10*^’ ohms per centimetre cube in the 
dark ; but the figure varies enormously, aceording to the 
inode of preparation and with the value of the applied P.D. 

There has been some discussion as to whether the con- 
duction is simply metallic or whether it is electrolytic in 
its character. In support of the electrolytic view there is 
the fact that the resistance is generally found to vary with 
the applied pressure ; in other words, the resistance does 
not simply follow Ohm’s law, but decreases in proportion 
to the P.D. when this is small, the original state being slowly 
regained w'h#»n the pressure is removed. The proper- 

" ‘TT 

♦ Physical Review, Vol. IV, (2nd series), p. 85, 1914. 
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tionality and the lag are noticeable in Fig. 184, which is due 
to L. S, McDowell.* Moreover, after a current has been 
flowing, it is found that the selenium is polarised ; but, 
unlike the corresponding phenomenon in electrolysis, the. 
E.M.F. of polarisation, according to Luterbacher,t is in th(i 
same sense as the current by which it is produced ; in other 
words, the polarisation current flows in the same direction 
as the current that has been applied, instead of in the inverse 



Fig. 184. — Variatioa of lltssistance of Seleniunr with applied P.D. 
(McDoweU). 

direction. If this is the case, the polarisation so produced 
differs essentially from what is generally meant b^ this term. 
On the other hand, W. G. Adams and R. E. Dayt foulid that 
the polarisation was in the opposite direction to the current 
by which it was produced, just as in electrolysis. Measure- 

♦ Phyncal Review, Vol XXIX., p. 1, 1909. 
t The Electrician, Vol. LXVII., p. 736. 
i Proceedings, Royal Society, VoL XXV., p. 113, 1876. 

00 
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merits by the Author were found to support this view, and 
showed the E.M.F. of polarisation, unless it falls ofi rapidly, 
to be very small. 

The variation of resistance with the applied pressure, as 
observed by J. Luterbacher,* is very large, as seen in 
Fig. 185, and to fall off considerably at the higher voltages. 
The curve is approximately a parabola. Alternating current 
produces the same effect, but not to such a marked degree. 
This is shown in Fig. 18G. Possibly the smaller effect at the 



Volh. 

Fui. 185. — Vaxiation of Rosifitaace of Selenium with Applied P.D. 
(Luterbacher). 

higher pmssures maj^ be due to the fact that a steady state 
is reached more slowh’^ with high than with low pressures : 
the creeping is greater, as pointed out by Ries.f Any 
beating up of the selenium by the passage of the current 
would also lower the resistance, but it is pointed out by 

* hoc,, cU. 

f Annokii der Physik, V'ol. XXXVI. p. 1,055, 1911 ; Scienot Ahstrads, 
1911*, No. 1428, ' 
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Luterbacher that the effect of such heat would be least with 
small currents, whereas the reduction of resistance is more 
marked with the smallest currents than with larger currents. 
A curve showing the heat produced is given in Fig. 180. 

E. E. Fournier d’Albe* has shown that the variation in 
the resistance for all pressures above 1 volt is proportional 
to the logarithm of the voltage. The observations in one 
case were carried bevond KH) volts. 



On the other hand, V. <;hiarini| found that the P.I). 
required to cause a current to flow varied from as low a 
value as 0*02 up to 0’9 volt ; and A. H. PfundJ foipd that 
certain old selenium resistances failed to show polarisation, 
even when the applied pressure was as high as 110 volts. 

* I^roct^dinga, Royal Society, Vol. LXXXVl., p. 452, 1912. 

t AUi, Accademia dei Lincei, V’cL, XVIII., p. 246, 1909 •, Scknu 
Abstracts, 1909, No. 884. 

X Physical Eevkw, Vol. XXVIII., p. 324, 1909. 
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A. Pochettino* states that if the primary current is not 
applied for more than two minutes the initial intensity of 
the secondary, or polarisation, current increases with the 
voltage applied and with the square root of the time of 
application. The polarisation currents continue for a con- 
siderable time. Thus, taking the case of the application 
of 54 volts, the secondary current was 1,100 X 10'^ ampere 
seven seconds after the primary current ceased, and was 
still 8x 10'® after 2,010 seconds. 

By allowing the selenium to discharge through a galvano- 
met-er immediately after cutting off the applied pressure 
polarisatilns were observed by Luterbacherf varying from 
7 to 22 millivolts. Assuming that the galvanometer was 
of high resistance, this shows a very small E.M.F. of polarisa- 
tion, but possibly its value falls very rapidly. In any case, 
we cannot look upon polarisation as an explanation of thf^ 
fall in resistance, for it would have to reach an extra- 
ordinarily high value to produce any noticeable effect with 
applied pressures of 100 volts. 

It seems difficult to accept an electrolytic view of the con- 
ductivity, because we are dealing with a single element, 
unless selenium is capable of splitting up into two ions 
which are identical chemically, but which differ electro- 
chemically, one being electro-positive to the other. 

* The conductivity between an electrode and selenium is 
to some extent unilateral.+ 

F. C. Brown§ has shown that mechanical pressure causes 
an increase in conductivity. A resistance of 96,000 ohms 
at atmospheric pressure was reduced to 63,000 ohms at a 
pressuKl of 218 kg. per square centimetre, the pressure being 
< 4 pplied hydraulically. 

♦ JVvovo Vol. XVI., p. 381, 1908 ; ^Science AtsbracU^ 1909, 

No. 693. 

t hoc. ci(. * 

Cbiarini, loc; tU, 

{ Phi/$kai Review, Vol IV., p. 85, 1914. 
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It has been pointed out by both Giltay and F. C. Brown* 
that the conductivity is increased b> abrasion ; for example, 
by filing. The selenium recovers its original condition after 
about a month. 

Selenium generally has a positive temperature coefficient 
of resistance. Rie.sf distinguishes two forms of crystalline 
selenium, which he terms a and The a modification has 
a negafive temperature coefficient, and is obtained by 
heating up to temperatures below' 200T. (the transforma- 
tion being most complete by prolonged heating at 105®C.), 
followed by rapid cooling. The modification has, within 
certain limits, a positive temperature cocfficicj^t, and is 
obtained by heating at temperatures above 2()0°C. 

THK EFFECT OF LIGHT. 

LIGHT -POSITIVE SELENIUM. — The usual effect pro- 
duced by incn'asing the illumination of crystalline selenium 
is a diminution <jf resistance. Generally the comparison is 
made between w hat may be termed the “ dark resistance ” 
a.e.f the resistance of the selenium wdien all light is ex- 
cluded) and the resistance when the illumination has some 
definite value. 

The effect obtained is illustrated by the curves in Fig. 187. 
From these it is seen that the change in conductivity is not 
instantaneous ; it is at first rapid and proportional to the 
time of exposure, but it very soon becomes slower and slower 
until a steady state is reached. Hours may be required 
for the steady state to be attained. This time lag is known 
by the name of inertia. Although two selenium resistances 
may have the same sensitiveness (?.c., they may ultimately 
change in conductivity to the same extent on exposure to a 
given illumination), they mav differ materially in lag, so 

* PhysikaliKhi Zeilachriftf Vol. Xlll., p. 859, 1912 ; Science AbstracUt 
1913, No. 232. 

t Phyeikalische Zeitschrift, Vol. IX., p. 228, 190$ ; Science Abeirnckp 
1908; No. 1,294. 
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that the effect of a given illumination for a brief period may 
be very different. Lag is more apparent in recovery than 
in excitation. 

A feeble illumination produces its full effect less rapidly 
than a strong illiuniriation. For example, Pfund gives the 
figures 3 minutes and 15 seconds respectively for two such 
cases. In considering these matters it must be borne in 
mind that these observations refer to selenium in thin layers. 

When the light is removed or reduced the selenium pro- 
ceeds to recover its initial conductivity, but here, again, the 



Fia. 187. — Variation of Resistance with Time of Expogiiro fTorda). 

effect is not instantaneous. In fact, recovery curv*^ arc 
characterised by a slower action than the excitation curves, 
a fact which is illustrated in Fig. 188. The time ot recovery 
generally increases with both the intensity and the duration 
of the eaccitation, and for this reason long exposures are 
avoided, as far as possible, where selenium is used for 
practical purposes. 

Prolonged exposure sometimes causes a diminution of the 
e^ct first produced. This has been observed by F. C. Brown’*' 
, iimeK^ Vol. XXXUl,, p. I, ISl I 
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in the case ot resistances made by Giltay (of Delft, 
in Holland). Such curves are reproduced in Fig. 180. 
Generally, however, prolonged exposure has no such effect. 



Fio. 188.— Variation of Recovery with Time of Excitation (Torda.) 



ITig. tg9. Effect of Prolonged Excitation in the One of Giltay 

tanoea (F. C. Brown). 





390 


PRIMARY BATTERIES. 


LiaHlVNEOATIVE SELENIUM.— Although the effect 
of increased illumination is generally to give increased con- 
ductivity, the reverse effect has been observed. So far, the 
method of producing the negative variety of selenium is not 
well understood. F. C. Brown* * * § has found that such 
selenium can be obtained by placing the amorphous variety 
in a mercury vacuum until it becomes black, after which 
it is pressed between electrodes. Even at atmospheric 
pressures this change takes place if selenium is held over 
heated mercury. It does not seem to be due to the absorp- 
tion of mercury vapour. This method of producing a super- 
ficial conducting film was discovered many years ago by 
R. J. MosSjf and may be carried out either in vacuo or by 
placing the selenium in mercury. 

The properties of light-negative selenium have been 
studied by Lilah B. Crum.J Although the general effects 
observed were simply the inverse of those shown by light- 
positive selenium, they were characterised by great un- 
steadiness and uncertainty. For example, cases were found 
in which both positive and negative results were obtained 
from the same resistance alternately within a period of a few 
minutes. 

Negative effects have also been observed by A. Pochettino 
and G. C. Trabacchi.§ 

UOHT - NEUTRAL SELENIUM.— A. Knothej,' found 
that when sublimed selenium was exposed to sulphur dioxide 
gas it became a very good conductor, but was insensitive 
to light. 

• Rtmtvo, Vol. II., p. 153, 1913. 

t Ch^mkal News, Vol. XXXIII., p. 203, 1876. 

t Phfskal Review, Vol. XXXIU., p. 638, 1911. 

§ Nuovo Cimenio, Vol. XIII., p. 286, 1907 ; Science Abstracts, 1907, 
No. 1 661. 

^h^lehroiechniscEe Rundschau, Vol. XXL, p. 23, 1903 ; Science 4b* 
Kracto, 1904, No. 162. 
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DEPENDENCE ON WAVE LENOTH.--It was very 
soon discovered that, generally speaking, the part of the 
spectrum including the yellow-red rays is more effective 
in its photo-electric effect on selenium than any other. The 
curves reproduced in Fig. 190, and which are due to A. H. 
Pfund,* are typical. From these curv'cs it is seen that the 
maximum is very marked for wave-lengths of about 0*7/4, 
and do *not vary much for the different illuminations 
examined. In making such an investigation it is necessary 
to be sure that the same energ}" is received at all observation 



Fig. 190. — Curves showing Variation of Effect with Wave Length 
(Hund). 


points in the spectrum. This is ensured by first receiving 
the illumination at each point on a thermopile and varying 
the illumination until the same deflection is obtained for 
each point. 

Later investigations, however, have shown that tlie above 
statement must be accepted with considerable reservations. 
The same authorf has shown that under feeble illuminations 

* Phtfsical Review, VoL XXVIII., p. 324, 1909. 

^Physical Review, Vol. XXXIV., p. 370, 1912; The ElecfricMB, 
VoL LXX., p. 337, l9l2. 
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a maximum may occur in the greenish-yellow. This is seen 
from the curves in Fig. 191. Here the ordinates show the 
galvanometer deflections obtained for each of four illumina- 
tions, which were in the ratio 1 : 4 : 9 : 16. For the lowest 
illumination (Curve 1.) the maximum is in the greenish 
}’cllow, but when the illumination is increased four times 
Ihe maximum shifts to the red. It is noticeable that all 



0-4 0-5 0-6 0 7 0-8 ^ 

Wane Length. 

Fio. 10 J.— Variation of Position of Maximum with Intensity of 
Illumination (Pfund). 

the curves show two maxima. This is a feature which is 
very generally found. 

E. 0. Dieterich* has shown that the position of the 
maximum depends upon the temperature at which the 
selenium is annealed. If the temperature is high the 
maximum sensitiveness is in the blue, but if the temperature 
is lower the maximum tends to shift to the red. Some 


Phji*ioal Rtvitto, Vol. IV., p. 467, 1914. 
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curves illustrating tliis fact are given in Fig. 192. In the 
view of Dieterich, there are two types of crystal, one sen- 
sitive to red and the other to blue rays. If the temperature 
is too high for the formation of crystals which are sensitive 



Fio. li>2. — Curvctt showing Variation of I‘ohition of Maximum with 
Tenii»craturo of Annealing (Dieterich). 

Applied pressure, 16 volts ; exposure, 0-4 second. 

A. Kesiatance heattxl at 210®C. for four hours immediately after making. 

B. Resistance heated at 210*C. for one hour and then at 20t>®C. for 
four hours. 

C. Resistance heated at 210®C. for 30 minutes and then at 190®C. for 
six hours. 

D. Resistance heateil at 210*C. for 30 minutes and then at average 
lempei aturo ol 1 70®C. 


to red, the maximum is in the blue. Various mixtures of 
the crystals would lead to the maximum being at some 
intermediate point. ^ 

It is natural to suppose that these difierences of sensitive- 
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ness with wave-length might be accompanied by difierences 
in absorption and reflection of corresponding wave-lengths 
by the selenium. Thus, if the light effect is due to penetra- 
tion of the light, wc should expect that when selenium is 
sensitive to, say, blue light it would sKow a maximum of 
absorption and a minimum of reflection for light of that wave- 
length. A. H. Pfund,* however, did not find any corres- 
ponding maximum and minimum in the absorption and 
reflection curves respectively corresponding with the 
maximum in the light sensibility curve. Absorption was 
found to be more marked in the blue and fell off towards the 
red, irresj^ective of sensitiveness. 

In all these properties there is liable to be a variation 
from cell to cell, as might be anticipated, owing to differences 
in the details of preparation. 

LAW or VARIATION OF LIGHT EFFECT — The fol- 
lowing formula has been given by E. lluhmert • 

in which and are the value of the resistance under the 
smaller and brighter illuminations d and I respectively. 
The value of n was found to vary between 0*25 and 0-35. 

Roughly, the variation in resistance when a steady con- 
<lition has been reached varies as the square root of the 
illumination, but when the illumination is either very short 
or very feeble it is directly as the illumination. 

G. Athanasiadis prefers the more exact statement that 
f-G(G-a)h, 

in which i is the illumination, G is the conductance and a, h 
are constants. 

• Phyttical Ect'iew, Vol. XXVIII., p. 324, 1909. 

t El^rotechntMhe ZeiUchrift, Vol. XXV., p. 1021, 1904 ; Science 
1005, Ko. 808. 

f'AnMUeH der Physik, Vol, XXV., p. 92, 1908 ; ^Science Abstracts, 
1008, No. 671, 
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P. J. Nicholson* found that the change in conductivity 
varied as a power of the illumination, or as I", the value of n 
varying from 1 to | according to the conditions, being J for 
long exposures. 

In all such formula} it is evidently necessary to define 
the experimental conditions rather carefully. This fact is 
brought out by the curves in Fig. 193, which are due to 
Pfund.t Here the law is expressed in the form D=KE^^ in 



Fia. 193.— Curve showing Variation in B in Formula DssKIC'* with 
Wave Length. 

Illumination, 2*1 metro candles; cxposui;©, 12 J seconds. 


which D is the deflection of the galvanometer, K is n con- 
stant, E is the energy received per unit area (in this case 
2*1 metre-candles) and B is a number. With equal energy 
in different parts of the spectrum, curve D shows the 
deflections obtained, and curve B gives the corresponding 
values of B if this simple fonnula is to hold. It appears thoi 

• Physical Review, Vol. III., p. 1, 1914. 

^Physkdl Review, Vol. XXXIV., p. 370, 1912; The ElectrklhPp 
Vol.LXX.,p. 337, 1912. 
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B is about \ for wave-lengths shorter than 0*65/^ and 1 f 
wave-lengths greater than 0’7^. Consequently, the exp 
ucnt must vary with the quality of the light. 

SENSITIVENESS. — The sensitiveness of a seleniu 
resistance to light may be expressed in the form 

or (G/— 

in which, for a given illumination, and are the valu( 
of the resistance when the seleniuiii is in the dark and 
illuminaiod respectively, and G^, G/ are the correspondir 
conductances. 

The sensitiven(‘ss falls off at very low temperatures. F( 
example, Pochettino* immtions a case in which the rcsistam 
fell from 31,000 to 18,000 ohms at ordinary tempcratun 
and from 2,600 to 1,^K)0 olims at the temperature of boilir 
liquid air ; that is, the sensitiveness fell from 0-42 to 0-2 
On the other hand, the sensitiveness decreases with rise ( 
temperature at ordinary temperatures, and is stated b 
Pochettiuot to be a maximum at — 40°C. 

L. S. McDowell^ states that changes due to light tab 
place more slowly at low temperatures, but that the firij 
change caiTied to the point of saturation is enormousl 
greater. The sensitiveness is also much greater at low ten 
peratures. 

It is sometimes said that the sensitiveness, expressed a 
the ratio of the conductivity in the light to that in the darl 
varies from,. say, 5 up to 20, and even 200. This basis givf 
infonnation in a form in which it is often desired, bu 
such figures do not convey u true meaning unless they ar 

• Ami, Accademia dei Liucei, Vol. XI., p. 286, 1902 ; Science Abstract 

1002, No, 1,888. 

, fNtmo Cu»e«to,Vol. VI., p. 147, 1911; Science Abstracts, 1911, No. 92( 

X Physical Review, Vol. XXXI., p. 624, 1910. 
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obtained under definite conditions. Unfortunately, high 
sensitiveness is only obtained along with high resistance ; 
in fact, the lower the resistance the lower the sensitiveness, 
which fact limits the usefulness of selenium for niany 
purposes. When, for instance, the action required is th(‘ 
working of a relay, it is not s(> important to know tin? 

sensitiveness *’ of the Se as it is to know the additional 
current i! will yield under a given illumination, or what may 
be called its “ etHcienev," 

STANDARD TESTS. — There are so many po.ssible 
variables in estimating this elhciencv that E. E. 



Minuif:. 

Fia. 194. — Galvaufuncter JlelN-ction with AlU'rnate I^erioils of Dark- 
nesH and liiiimination. 


?ournicr cTAlbe* has suggested the following standard 
conditions for testing : — 

{a) QualUy of Lujht. — Complete radiation from a 
standard pentane lamp. 

(5) lllamimxtion, — To be 1 lux — «,e., I Diet re •caudle, 
(c) Applied Pressure. — To be 1 volt. 
id) Temperature.— Ho be 15°C. 

(e) Histemj. — If the variation of conductivity ia 
determined from the total recovery it will v^ry 
♦ Proceedin^n, Royal Society, Vol. LXXXIX., p. 75^ 1913* 
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according to the previous immediate history of 
the selenium. In order to avoid this, the 
selenium is exposed alternately to light and 
darkness for one minute in each period until the 
galvanometer shows steady deflections for the 
light and dark conditions. Curves similar to 
those in Fig. 194 are thus obtained. 

(/) Measurement . — ^Two Galvanometer readings are 
taken at • two successive minutes during re- 
covery. Taking the initial reading (the last one 
under illumination) as zero, the variation in the 
reading after one minute in the dark as and 
the variation after two minutes as (see Fig. 
195), then the total variation from the light 
condition up to complete recovery may be 
calculated from the formula 

Total variation ini _ did.,, 
conductance 1 ~2dy—d.,’ 

The efficiency may be stated in micro-mhos pei 
lumen,* or (with a pressure of 1 volt), in micro- 
amperes per lumen, or micro-amperes per square 
centimetre of sensitive surface divided by 0*0001, 
The above conditions are laid down more particularly foi 
feeble illuminations ; for other classes of work it might be 
desirable to modify them. The efficiency so obtained refers 
to exposures for one minute. If the selenium is to be used 
for shorter or longer intervals of exposure, the time interval 
in the measurements would be correspondingly altered. 

The efficiencies observed may be as high as, say, 25,000 
micromhos per lumen for very feeble illumination, falling to, 
say, 5,000 or even a few hundred micromhos per lumen. 

Similarly, the efficiency of a selenium cell would be defined 
as < the Ii.M.F. in volts generated per lumen when the illu- 
* A fighi aource of 1 c.p. gives a flux of ir, or 12*566^ lumens. 
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inination on the plate is 1 lux (1 metre-candle). In the case 
of the cells used by d. M. Minchin for the selenium photo- 
■^metry of stars the efficiency was 1,270 volts per lumen. 

Fournier d’Albe*^ states that selenium as a detector of 
light is at least 100,000 times as sensitive as a potassium 



Minutes. 


I'lc, lO.i. — Calculation of Total Recovery. 


photo electric cell. Compared with the eye, selenium has 
the advantage of being more sensitive when the light is 
diffused. 

BEPTH OP PBNETEATION. — There has been sonie 
discussion as to the depth to which the light penetrates the 
selenium. F. C. Brownf has shown that the effect of light 
is not restricted merely to the part that is illuminated ; the 
effect is also observed at some distance. He concluded that 
the depth of effective penetration was about 0 014 ipm. On 
the other hand, W. S. GripenbergJ is of the opinion that the 
action extends deeply into the interior. 

• Loc. cU. 

fFkygieal Mepiew, Vol. V.{2nd ■eries),p. 167, 1915; and Vol*. XXXIV.. 
p. 201, 1912. 

t PkfiiMmU ZeiticJmfi, Vol. XV., p. 462, 1914. . 
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ELEOTBIO WAVB8. — It is worth while to note that a 
variation in the resistance of selenium occurs when it is 
exposed to electric oscillations. Interesting work in. this 
direction has been done by Louise S. McDowell.* It appears 
that the effect is somewhat erratic ; it may be immediate or it 
may be deferred, depending on the state of the selenium. Pos- 
sibly the effect may be akin to the well-known coherer action 
that is produced on metallic powders by electric waves. 

In this connection it may be mentioned that Frittsf has 
found an increase in the sensitiveness of selenium to be 
caused by transmitting alternating currents through it, but 
the effect i/^ liable to be transient. 


THEORIES, 

The theories which have been advanced to account for the 
action of light upon selenium may be classed broadly as 
electrolytic, chemical (or physico-chemical) and electronic. 

The difficulty in proposing any theory is that there are 
so many facts to be explained, many of them somewhat 
contradictory. 

The electrolytic theory was proposed by Shelf ord Bid- 
well, J who considered that the action was due to selenides 
formed by the interaction of the selenium and the metal 
Bidwell showed that such a theory would account 
for the, effect of annealing, the diminution of resistance with 
largeness of the resistance tern- 
p^ajfcnre coefficient, the 9bserved reduction of reai^nce 
with tii^ and certain other phenomena. This theory, 
disproved by the fact that when carl^ or 
graphite is used as a support, so that selenides cannot be 
formed, and thr selenium is carefully purified, it is still 

t^^kelrieal Jtmeur (Tdicvrap^ Journal), Vol. XVL, p. 308, ISSS, ' < » 

I PMhmpkiml Jfsgcuine, Vol. XX., p. ITS, 1885.’ 
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•easitive to light. Also, pure selenium has been found to 
be more sensitive than the impure element. 

In chemical theories it is assumed that the selenium oon-* 
sists of two or more allotropic modifications, one mo<iifica* 
tion changing into another under theinfluence of light, and 
the reverse change taking place when the illumination is 
removed or reduced. R. Marc* has reached the conclusion 
that there are two allotropes, which he terms A and B. In 
heating up selenium the change from A to B takes place 
most readily at 200'^C. The establishment of equilibrium 
is facilitated by the presence of metallic catalytic agents, 
such as silver and platinum. This point of vigw has also 
been studied by A. Pochettino.f 
The physico-chemical theory is based upon the idea that 
the effects are due to crystalline structure, to orientation of 
the crystals or diflerences in pressure between their faces. 
Work in this direction has been carried out by E, 0* 
DieterichjJ and by L. P. Sieg and F. C. Brown, § though the 
last named inclines to an electron theory. Sieg and Brown 
have shown that the sensitiveness of a seleniiun crystal 
varies on the application of mechanical pressure to the 
crystal, and that both the sensitiveness and the position 
of the maximum in regard to wave-length may vary 
fwjcording to the crystalline axis along which the incident 
beam passes. 

That the pressure between the crystals may explain the 
phenomena to some extent is supported by the fact that 
electrical oscillations cause vanations in the resistance (as 
^leady mentioned), and are, of course, of the same nature. 

as light. • * 

^ ZaUschri ft fur Amrganiiche CAewie, VolT XLVlll., p. 393, 190$; 
Sekim Ahttrack, 1906, No. illi. 

' flfuow Cimtao Vol. IV., p. 189, 1912; Scitnee 1918, 

No. 233. 

Vol. IV.(2id8eriei),p.407, * 

k Phffskal Rmew, Vol. IV. (Sod Mei), p. fiuY, 1914 ; vJt. %. 
{2nd Siffies). p. IW, 1919, • 
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ELEOTBIO WAVB8. — It is worth while to note that a 
variation in the resistance of selenium occurs when it is 
exposed to electric oscillations. Interesting work in. this 
direction has been done by Louise S. McDowell.* It appears 
that the effect is somewhat erratic ; it may be immediate or it 
may be deferred, depending on the state of the selenium. Pos- 
sibly the effect may be akin to the well-known coherer action 
that is produced on metallic powders by electric waves. 

In this connection it may be mentioned that Frittsf has 
found an increase in the sensitiveness of selenium to be 
caused by transmitting alternating currents through it, but 
the effect i/^ liable to be transient. 


THEORIES, 

The theories which have been advanced to account for the 
action of light upon selenium may be classed broadly as 
electrolytic, chemical (or physico-chemical) and electronic. 

The difficulty in proposing any theory is that there are 
so many facts to be explained, many of them somewhat 
contradictory. 

The electrolytic theory was proposed by Shelf ord Bid- 
well, J who considered that the action was due to selenides 
formed by the interaction of the selenium and the metal 
Bidwell showed that such a theory would account 
for the, effect of annealing, the diminution of resistance with 
largeness of the resistance tern- 
p^ajfcnre coefficient, the 9bserved reduction of reai^nce 
with tii^ and certain other phenomena. This theory, 
disproved by the fact that when carl^ or 
graphite is used as a support, so that selenides cannot be 
formed, and thr selenium is carefully purified, it is still 

t^^kelrieal Jtmeur (Tdicvrap^ Journal), Vol. XVL, p. 308, ISSS, ' < » 

I PMhmpkiml Jfsgcuine, Vol. XX., p. ITS, 1885.’ 
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tional ions at any time, I the illumination and a a constant, 
then 

dN/di=I-oNl 


A steady state is reached when I=aN^, showing thA the 
final change is proportional to the square root of the illu- 
mination, which is found to be the case. Integrating, we 


have • 


or 


N= 




:\/(l/a) tanh (<\/l), 
yiN„ ® No-N’ 


in which No is the final addition of ions, or final increase in 
conductivity. The recovery curve is given sinrf^ly by 


dN/de=-aN2. 


in which Nj is the additional conductivity at the moment 
of cutting off the light. If the galvanometer deflection at 
this moment is called zero, and are two readings taken 
at equal time intervals after that moment, then 

We have already referred to this formula, which gives the 
total recovery. That there should be any remaining con- 
ductivity in the dark is due to thermal .agitation *, complete 
re-combination of the ions would only take place at the 
absolute zero of temperature, and would take an infinite 
time. 

The above ionisation theory does not aqpount for the 
behaviour of selenium under strong illumination^ which is 
probably complicated by heat effects. 


CONSTBUCTION AND PRACTICAL APPUCATION. 

SBLBHnm RESISTAK0B8.— Since the resistivitjr of 
selenium is high, it is desirable to adopt som^form of con- 
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ttraction in which the selenium bridge between the two 
dectrodes is as short and as wide as possible. Further, the 
ayer of selenium must be thin, because the light action 
akec, place only near the surface, and therefore the resis- 
-ance cannot be diminished by increasing the depth of the 
TOSs-section, otherwise the sensitiveness is diminished. On 
he other hand, it seems undesirable to have extreme 
hinness. 

Perhaps the simplest form of construction is that adopted 
>y Pfund.* A piece of ground glass, say lcm.x3cm* 
<0-1 cm, thick is used as the support. The glass is warmed 
0 that a ^tick of selenium melts when rubbed on it, 
nd a layer is thus obtained thin enough to appear red by 
ransmitted light. The crystalline grey metallic variety 
orras at once. Around this is wound four strands of No. 30 
i.W.G. copper wire. The ends of two of these (say Nos. 1 , 
nd 3) are then fixed, and the remaining two arc removed, 
’his leaves a spiral of two wires separated from each other. 

The final step is to anneal the selenium so that it is in 
he required crystalline condition throughout. This is 
fiected by placing the device in an air bath at 180°C. for 
.bout five minutes. The resistance is then about 20 
aegohms, and if it is exposed to the light of a 16 c.p. lamp 
,t a distance of 30 cm. the resistance falls to about one- 
enth of this value. Since moisture renders the conductor 
lon-permanent, it should be covered with a piece of glass, 
»r mica, fixed with a little wax. Or Ruhmer’s method may 
w followed, and the resistance sealed in a vacuum tube. 

A similar method is to wind on two insulated wires side 
)y side, and io remove the top of the insulation so as to 
eave the wires exposed at the top, but with insulation be- 
ween them. If the wire is insulated with enamel it is easy 
the insulation ; but if it is insulated with silk, the 
atte^ lequirea treating with a varnish that wiU st^d the 
* p&»9ical lUmw, Vol. XXVHI., p. 324, 190». 
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dom^swliat high temperature of the subsequent treatment 
(for example, varnish made from synthetic resins*). The 
silk can then be removed with a fine file or with sand paper. 
One difficulty in this method is to obtain an even 8U|face, 
the tendency being for some of the wires to be higher than 
the others. This difficulty is most easily overcome by 
winding on a tube instead of on a flat surface, but the result- 
ing patch of selenium is then not so effective, owing to 
curvature. 



•^lan End Elevation. 



Detail of Stntp 


Fio. 196.--Detail8 of Support for Selenium Resistance. 

A more complicated construction is adopted by F. 
Townsend, t and is shown in Fig, 196. A block is built up 
uf alternate strips of brass and mica. The alternate plates 
of brass are connected together, one set to one terminal and 
one to the other. One face of the block is then coated with 
selenium. 

* Obtainable from the Damard Lacquer Co., of Birmingliian. 

t f*Jie Eketrieiant VoL LUI., -p. dS7, 1904 j Bkctrieai ifeotef 0 »<New 
Torkh VoL XLV., p. 391, 1904. 
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At one time it was thought necessary to anneal for a long 
time and to cool down very slowly from the annealing tem- 
perature, This, however, does not seem to be the case. 
When the selenium is first applied it is in the vitreous 
condition, and appears like a black mirror. If, however, the 
temperature conditions are correct this will change rapidly 
to the crystalline form, and the surface will then appear 
grey, sometimes with a reddish or purple tinge, and matt in 
character. As a source of heat, a piece of sheet iron below 
which is the flame of a bunsen burner is convenient. If 
difficulty is experienced in obtaining the transformation, 
this may be effected by heating for 10 minutes in an oven 
(preferably' electric for convenience) at 180°C.~190°C. 

The final value of the resistance depends upon the heat 
treatment that is given. This is shown by the figures in 
Table XIII., due to E. 0. Dieterich.* 


Table XIII. — Effect of Different Annealing Temper attires. 


No. of 
rosistanco. 

Temp, of 
annealing. 

Period of 
annealing. 

Resistance, 

ohms. 

23 

210‘’a-200'*a 

6 hours 

233,000 

. 22 

210‘‘C. 

4 „ 

368,000 

28 

210®C. 

6 „ 

490,090 

16 

180°C. 

n „ 

1,400,000 

15 

190“a j 

2 ., 

3,690,000 


The figures in Table XIV. show that if the cells are heated for 
only a short time at a high temperatui-e and then annealed 
at a lower temperature the resistance is much less than if the 
short treatment at the higher temperature is omitted. 
Thus, Nos. 18 and 19 received the same treatment, except 
that No.^18 'had a preliminary heating at a higher tem- 
perature for half an hour; yet its resistance was one- 
lortieth that of No. 19, When using a 16 c.p. lamp at a 
^^tance of 30 cm. the sensitiveness of the above varied from 

,li/l up to 20/1, 

Review, Vol. IV. (2nd wries), p. 467, 1914, 




SELBNWM CELLS, 


407 


T^ble 1CL7 -^Effect of DiJferctU Annealing Temperatures, 


No. of 

Temp, of 

Period of 

Beaietance, 

resistaoce. 

innealing. 

annealing. 

ohms. 

18 

/ 210T. 
\180T. 

J hour \ 

976, 0(® 

19 

180T. 

9 

40,000,000 

20 

r210T. 

\180"C. 

1: } 

250,900 

21. 

180°C. 

14 ., 

j 9,600,000 


Various metals can be used as electrodes, but copper has 
the objection that it oxidises when heated. Nickel is better 
in this respect, and is said to be as satisfactory as platinum. 
Also resistance wire, such as platinoid, seems preferable 
to copper, and has the advantage over nickel that it can be 
easily obtained silk covered. Films of graphite have also 
been effectively used as a conducting base, 

, E. Ruhmer* draws a distinction between hard and soft 
resistances, the difference being dependent on the allotropic 
modification of the selenium that is obtained. A “ hard ” 
resistance is obtained by rapid cooling after applying the 
selenium to the electrode, the resistance being agitated 
during cooling, A “ soft ” resistance is obtained by cooling 
the selenium slowly after applying it to the electrode ; it is 
then heated for a time to 200°C. The soft resistances are of 
higher conductivity than the hard resistances, and are more 
sensitive to weak, but less sensitive to strong, illuminati(jn 
than hard resistances. 

Fig. 197 shows a Giltay resistance made by P. J. Kipp & 
Zonen, of Delft (Holland), from which it is seen that these 
well-known resistances are of the wire type. The wire is of 
platinum-iridium, the working surface beiSg 4-6 cm. X 
2-6 cm. Two t3rpe8 of these resistances are made, namely, 
low resistance and high resistance. It is stated by the 
makers that the former has a dark resistance of about 

, - - a 

• Physikalische Zcitschriftf Vol. III., p. 468, 1002 ; Seiejtce AbstHfCts, 
1903. No. 99. 
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10,000 ohms, and a small sensitiveness of, say, §iBt diffuse 
daylight (i.e,, ratio of dark resistance to light resistance) ; 
the latter has a dark resistance of 200,000 to 500;000 ohms, 
or ijiore, and a sensitiveness of 50 or 60. A 32 c.p. lamp at a 
distance of half a metre appears to be taken as the equivalent 
ot diffuse daylight.” The above values illustrate the fact 
that low resistance and high sensitiveness do not go together. 



Fio. 197.— Oiltay Selenium RemsUnce (full siie), 
made by Kipp k Zonen. 

Messrs. Kipp state that selenium resistances sometimes 
fail through internal short circuits. In their opinion this 
is due to high voltages from the breaking of inductive 
circuits., Ccinsequently, if such a resistance forms part of an 
inductive circuit it is advisable to short-circuit the resistance 
before the circuit is broken. 

aSiaEBII^TIH OBLLS.— Turning to seleuium celk, we find 
much less work, has been dona in thk dixectioB than on 
edenium w^istanoea. This is probably due to tte fact that 


SELENIUM CELLS. 


ft tBll h less fobust th^n a resistance. The internal resis* 
tance of such a cell is necessarily very high, and therefore 
the generation of a small E.M.F., such as 1 volt, loses a good 
deal of its effectiveness. With selenium resistances, on ^le 
other hand, the low value of the conductivity can be com- 
pensated considerably by applying a high voltage. 

Selenium cells appear to have been first used by R. 
Sabine.* He used selenium on platinum wire as one elec* 
trode and platinum foil as the other, the electrolyte being 
distilled water. In the dark the selenium was found to be 
electro-positive to the platinum (about 01 volt), whereas in 
the light it became electro-negative (about 0 05 volt). This 
effect diminished after a few minutes, but the selefiium still 
remained electro-negative until the light was cut off, when 
the original state was regained. 

G. M. Minchint used selenium cells in astronomical 
photometric measurements. As electrodes, or supports for 
the selenium, he found that platinum, silver, tin, zinc and 
bismuth gave considerable results ; copper gave nearly a 
zero E.M.F. ; and the best results were obtained with alu- 
minium, Platinum was used for the other plate and methyl 
alcohol as the electrolyte except in the case of aluminium, 
when acetone was found to be the best. The E.M.F. was 
about 0-25 volt. The greatest sensitiveness was obtained in 
the yellow part of the spectrum, though the variation with^ 
wave-length was not nearly so marked tfs in the case of 
selenium resistances. 

Recently experiments with selenium cells have been 
described by A. A. C. Swinton.J Copper was used as the 
support for the selenium, the uncovered parts* being var- 
nished with enamel. The other plate consisted of a metal 
or carbon having a hole cut in it of the same size as the layer 


♦ Naim, Vol. XVIL,.p. 612, 1878. 
t PkiM>pkit<a M^ifoUne, Vol. XXXI., p, 2ff1, 1891. 

^ % Proouding*, Hiysioal Society oi londbo, VoL XXVII., 189, 191S* 
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of selenium on the copper. The cell was mounted in a glass 
vessel, with tap water as an electrolyte (since acid or alkali 
caused the selenium to strip), so that light could be pro- 
jected through the inactive electrode on to the selenium. A 
zinc electrode was found to be electro-positive to the sele- 
nium, and it became still more electro-positive when the 
latter was illuminated. On the other hand, with carbon or 
copper, the selenium was the electro-positive element, 
becoming electro-negative on illumination. Theee results 
are similar to those of Sabine with platinum. 

, APPLICATIONS. 

The most serious practical application of selenium resis- 
tances has been in the telegraphic transmission of pictures. 
For this purpose, light is passed through the picture, which 
is kept moving ; the transmitted light therefore varies with 
the shading of the picture, and as it is allowed to fall upon a 
selenium resistance, currents are transmitted over the tele- 
graph line which vary according to the shading of the pic- 
ture. At the receiving end this fluctuating current causes 
variations in a beam of light which falls upon a sensitive 
film moving in synchronism with the picture at the trans- 
mitting end. 

In order that such a method should work at all quickly 
it is necessary to eliminate the lag to which the selenium 
resistances are subject, and to have a constant current as 
the result of a given illumination irrespective of the time of 
exposuie. This has been ingeniously effected by A. Korn,* 
by connecting two selenium resistances, as in Cardew's 
method of measuring resistances, as indicated in Fig. 198. 
Since the current through the galvanometer is the difference 
between the currents through the selenium resistances, it 
followsrthat if the resistances were precisely similar in their 

* • The A’teclncion, Voi. LVIII., p, 577. 1907, iSee also T. Thorne Baker, 
fU Eketnoian, Vol, LXIV., p. 1070, 1910. 
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re^pon^e to light no current would flow as the result of illu* 
mination. If, however, the resistances differ suitably in their 
sensitiveness and ineitia, a given illumination will always 
cause the same effect. The result will be independent of p^- 
vious illumination, because if one resistance tends to be, say, 
too low the other resistance will have the same tendency, and 
since the two effects are in opposition they tend to cancel. 
Actually the compensating resistance is illuminated slightly 
later than the one to be compensated, so that compensation 
does not come into play immediately on exposing the 
operating resistance. In practical working thh place of the 
galvanometer is taken by the line and the receiving instru- 
ment. • 



Fkj. 198.— Compensation of Selenium Resistances, 


Many attempts have been made to use selenium in 
photometric work, so as to eliminate the eye in such work 
and render the measurements less dependent on the skill of 
the observer. At the outset it must be recognised that, 
selenium photometers can only be produced by calibration 
against lamps of known candle-power, and since the sensi- 
tiveness of selenium varies with the wave-length of the light, 
the indications obtained will depend on the quality of the 
light. Consequently such instruments can only bc^ relied 
upon for comparing lamps of the same character as the 
standards with which they are calibrated. 

A selenium photometer for industrial use has hteu de- 
scribed by T. Torda.* In this instrument the current through 
♦ Tht ElectncuMf Vol, LVI., p. 1042, 1906. • 
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the selenium when in circuit with two dry cells is read on 
a milliammeter. Having read the current corresponding 
to the dark resistance a shutter is opened so as to expose the 
sejenium to the source of light it is decided to measure, this 
being at a fixed distance. In order to have definite condi- 
tions, the shutter is controlled by clockwork, so that it 
remains open for only two seconds, and -then remains closed 
for 40 seconds before a further observation can be made. In 
this way long exposures are avoided and a sufficient period of 
darkness is given to ensure a reasonable degree of complete 
recovery. The candle-power is read from a calibration 
curve. 

The earliest practical application of selenium was made by 
Graham Bell * in his pliotophonc, an instrument for tele- 
phonic transmission by means of light. In this device the 
voice was directed against the back of a mirror, and a beam 
of light reflected from the front of the mirror was direcfed 
on to a selenium resistance, in series with which was a 
telephone receiver and a battery. The effect of the voice 
was to cause variations in the beam of light, or to give 
what Bell termed an “ undulating beam,” to which the 
selenium responded, and thus the telephone reproduced the 
transmitted sounds. 

An apparatus termed the optophone, depending upon 
selenium, has been devised by E. E. Fournier d’Albe t to 
enable the blind to read ordinary type. In this appai^tus a 
beam of light passes through a rotating wheel having holes 
perforated on a number of concentric circles. Thus, a 
number of intermittent beams are obtained, each having a 
differfnt frequency. These beams aw focussed on the paper 
in a space the size of a letter of the print to be read, and are 
diffusely reflected from the paper on to a selenium reaist- 

* Amjnmn of ScUncef Vol. XX., p. 906, 1888. 

m Vol LXXlL,.p. 108, 1819 $ md 

gkxjkty; VtJ. Xa, p. 373, 1914. 
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ance, in series with which is connected a battery and tele- 
phone relay, the latter being connected to an ordinary 
telephone receiver. If the paper is white a note is heard in 
the telephone corresponding to the resultant of all the beaiws, 
but if the paper bears a letter, a certain number of the 
beams are ineffective, being no longer reflected, and the 
note changes. Consequently, if a line of print is passed 
over the aperture where the beams are focussed the note 
varies with the letter, and with practice the print can be 
read by the sounds that are emitted. 

Many proposals have been brought forward to work 
devices by relays actuated by light falling on selenium. 
Most of these have been rendered useless by fhe incon- 
stancy of the selenium resistances used, and their high 
temperature coefficient of resistance. The most successful 
application so far has been to light buoys anchored in waters 
difficult of access, the light being automatically switched on 
at nightfall. A similar application is the automatic switch- 
ing on and off of street lamps. Mr. C. J. Turner, electrical 
engineer to the Hoylake Urban District Council, has used 
selenium for this purpose.* The selenium resistance, which 
varies 4rom 3,000 ohms in the light to 150,000 ohms in the 
dark, is placed across the supply voltage in series with a 
wire resistance of 14,500 ohms, and the coils of an electro- 
magnet. In daylight the current is sufficient to cause thQ 
electromagnet to pull over an armature fixed to a lever. 
The latter carries a forked contact piece, which dips into 
mercury cups, and completes the lamp circuit. Conse- 
quently when the lever is raised by the action of^the electro- 
magnet the lamp circuit is broken. At night the Current 
becomes so far reduced that the armature is released. 
The ejact point of switching in is regulated by adjusting 
a weight which more or less balances the lever. 


♦ 3.4« JEuminoting Engineer, VoL IX., p. 86, 1916. 
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CARBON-CONSUMING CELLS AND THE 
COMMERCIAL GENERATION OF ELEC- 
TRICAL ENERGY. 

Efficiency of Generation, p. 4ir>.--Elcctric Lighting by Primary Batteriw, 
p. 418.— Cost of Generation, p. 420.— Conditions Necessary for 
Success, p. 423. — Carbon as an Electro- Positive Material, p. 424. — 
Influence of Efficiency on (^ist of Generation, p. 424.— Voltaic 
Difficulties with Carbon, p. 426.— Position of the Oxidising Agent, 
p. 428.— Gas Cells, p. 432.— Borchers’ (Ml, p. 435.— C. J. Reed’s 
Method, p. 437.— Utilisation of Free Carbon, p. 440.— dacquee* 
Cell, p. 441. — Blumenliorg's Cell, p. 445. — Short’s Cell, p. 446.— 
Heating of Oils, p. 447. -Jungner’s Oil, p. 448.-EmiBBion of 
Electricity from Hot Carbons, p. 450. 

EITICIBNCY OP GENERATION.— On account of the 
inefficiency, complication, and co^t of steam plant, attempts 
have been frequently made to supply electrical energy from 
primary batteries on a commercial scale. That there is 
some ground for the hope of economy api>ear8 from the 
fact that the all-day efficiency of a steam-driven generating* 
plant on a lighting load is not likely to be more than 6 per 
cent., only 6 per cent, of the energy in the coal appears 
aa electrical energy * A station with pliant of the Diesel 
type shows, of couree, a higher efficiency. Also power 
stations, which are more efficient than those for lightingi 
need scarcely be considered in this connection. 

In a steam driven plant there are several 'transfonna- 
tions of energy, but in a battery there is only one such 
transformation, and consequently there is the possibility 
of a greater efficiency. We start with the energy of a 
chemical reaction ; and the question to be dealt with^is : 
• jProc. liwt. Junior Engineori, VoL -TX., p. 97, i899. 
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How much of this energy can be converted into electrical 
energy ? To this question it is difficult to give an answer 
which shall have a general application, because the 
efl^ciency varies with the class of battery considered, but 
it is possible to arrive at a figwe having a more or less 
mean value for commercial purposes. 

The causes of inefficiency in a battery are the following : 
— (1) Temperature-coefficient; (2) Polarisation; (3) In- 
ternal resistance ; (4) Local action ; (5) Incomplete utilis- 
ation of materials. 

Let us consider the efficiency in the case of a large 
battery such as would be necessary for a central station ; 
for exanfple, a battery of 100 cells, giving 100 volts, and 
capable of supplying 1,000 amperes, and required for 
lighting purposes. A low value is taken for the E.M.F., 
because that of a carbon-consuming cell is not likely to be 
much greater than one volt. 

, (1) Temperaiure-Coeffident — As we have already seen, 
the E.M.R of a cell is not given merely by the heat of 
formation of the salt voltaically formed. There is a term 
depending upon the temperature-coefficient which may be 
positive or negative, and therefore the E.M.F. may be 
greater or less than the equivalent of the heat of forma- 
tion. In other words, the efficiency may be greater or 
less than 100 per cent., according as the temperature-co- 
efficient is positive or negative. Consequently, in seeking 
a general figure for the efficiency of a battery, it is pre- 
ferable to disregard temperature-coefficients, and thus to 
assume *100 per cent, efficiency on that head. 

{2) , Polarisation , — The loss due to the polarisation is a 
' variable one, increasing with the current density and there- 
fore with the load. Since a cell to be of commercial value 
for th^ class of work must have good depolarising qualities, 
it assumed that the drop on account of polarisation 

at Ml loafi will not exceed 15 per cent Assuming further 
the avera^ load in a lighting station is about one 
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quarter of the maximum in a day’s run, then the mean loss 
is about 4 per cent., or the efficiency 96 per cent. 

(3) Internal Resistance . — In the case of internal resistance 
the loss again increases with the load. Assuming tkit 
each cell has an internal re.sistance of 0-0002 ohm, then the 
resistance of the whole battery would be 0 02 ohm and the 
drop in pressure when supplying a current of 1,000 amperes 
would be 5o volts. It may setmi that there is no particular 
reason for assuming such a value for the internal resistance, 
but the assumption is only tantamount to a statement that 
the internal resistance must not much excoecf this figure if 
(he plant is to be commercially successful. If a quarter of 
this loss be again taken as a mean value the mss will 
amount to 5 per cent, or the mean efficiency to 95 i)er cent 

(4) Local Action . — The loss per hour due to local action 
is probably a fairly constant quantity, being much the same 
whether the battery is on open circuit or is supplying a 
current Hut the ratio of material wasted to that which is 
usefully dissolved varies from an infinite value when the 
cell is on open circuit to very possibly a negligible quantity 
at full load. It is difficult to fix upon a definite figure 
because local action varies very much with the nature af 
the battery ; but it is probable that the loss might be 
reduced to 5 per cent., more particularly when it is re- 
membered that a battery of the kind considered would not , 
be subject to intervals of rest. We shall therefore assume 
an efficiency of 95 per cent. 

(5) Utilisation of Materials . — The loss due to incom- 
plete utilisation of materials is generally Serious. ' Plates, 
as a rule, cannot be completely dissolved because a curtain 
mechanical strength is required to maintain the desired 
form-: further, the corrosion is seldom uniform, -with the 
result tlmt parts, op even the whole, of a plate maj- drop 
ofSf while still in good condition. It is also often impo^ 
sible to completely utilise the electrolyte owing the fall 
in ELIF. as clinical changes proceed. On a large 8c41e 


ix:^ 
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the waste material could no doubt be worked up to some 
extent for further use, and in such a case it may perhaps 
be assumed that the loss would not exceed 15 per cent. 

^l^r the total efficiency of the battery we have tlierelore 
the following figures : — 


Ctiuse of Inefficiency. | 

Efficiency, })er cent. 

Temfierature Co-efficient 

loo 

Polarioatirn 

96 

Internal llesistaoce 

96 

Local Action 

95 

Incomplete utilisation of Materials 

35 

Total Efficiency 

73-6 


It appears, then, that we liave a possible efficiency of 
about 73 J per cent, for a battery, as compared with 6 per 
cent, for the corresponding steam plant. There is there- 
fore cause for encouragement as far as ciiiciency is con- 
cerned, but unfortunately the cost ])er unit does not 
de])end merely upon efficiency ; it depends also very 
largely upon the cost of the material or fuel consumed, 
upon handling and maintenance — a fact wliich is too 
frequently forgotten by inventors of primary batteries. 

ATTEMPTS AT ELEOTBIC LiaHTlNG BY PBIMABY 
BATTEBIE8.— Numerous attempts were made during the 
years 1886 — 1888 to use primary batteries for the com- 
mercial generation of electrical energy. Among the most 
promising may be mentioned the Lalande* battery, con- 
taining the usual copper oxide as a depolariser in a caustic 
alkali solution, Jtnd Upward’sf battery, in which the plates 
were <carl)bn and zinc, the latter l^eing in a p orous com- 
partment filled with chlorine. 

Coming to more recent years, in 1898 the Kowbotbam 
battery received a good deal of public attention. The 
Ipegfl^e plates are of carbon, while the positive plates arii 

XVII., p. 281, 1886. 

t TM EUfAficitm, VoL XVll., p. 15S, 1886. 
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iron, which has the advantage of being cheaper than zinc, 
but in some respects is more difficult to use. The cells 
are of somewhat complicated construction. They consist 
of an open central compartment with an air-tight ecyp- 
partment on either side. The latter arc connected by 
means of porous porcelain tubes through which there pa.ss 
carbon rods; these are connected together and form the. 
negative jTlate, the iron plates being placed in the open 
part of the cell. The closed compartments contain a 
mixture of sulphuric acid (for example, to tln^ extent 
of 30 per cent.), water, and a little nitric a«id, whilst the 
open compartment is filled with water only. Siillicient 
acid finds its way through the porous tubes to render the 
water conducting. AVhen the circuit is closed, gas is 
<"volved at the carbon rods, and gives rise to pressure 
in the closed compartment.s, with the result that more 
acid is forced through the tubes, thereby reducing th(^ 
internal resistance and enabling tlu^ cell to discharge at a 
liigher rate. In hatreries the cells are mounted on an 
incline, with all the closed compartments communicating in 
8uch a way tlnit the electrol 3 de flows from cell to cell and 
is thus maintained of a suflicient strength. Similarly a 
stream of water is supplied to the open compartments in 
group.s. When the current generated is diminished, tlu^ 
2 )res 8 ure in the closed compartments also diminishes, with 
the result that less acid i)asses through to the iron. Finally,* 
when current is no longer taken from the battery the open 
compartments are automatically flushed out with water, thus 
reducing local action to a minimum on open circuit. Tlie 
KM.F. per cell is l-3o volt«, and the cost per unitTexeJuding 
depreciation, interest on j)rinie cost, or superintendence, is 
stated by EL T. Harrison to be under 5d. per Board of 
Trade unit, but this figure probably does not include the 
cost of handling materials and manufacture of platdk 
In 1898 there also appeared Doe’s battery, the essential 
feature of which is the electrolyte ; the composition of 
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this lias not been disclosed. According to a report bj 
H. F. Parshall, the E.M.F. is very constant on closed circuits 
Later, there appeared Benko’s battery, which is de- 
sciabed in Chapter VIII. of this volume. 

COST OF GENERATION. — The following figures are of 
interest as showing the cost of production which has been 
claimed for various systems of primary batteries.* — 


Battery. Cost as stated. 

Ross =ga8 at 5s. 6d. 

Regent =ga8 at 68. 

Upward = ga8 at Ts. 

Weymersch =0'75d, per 30- watt lamp hour. 

Renard =0*2d. per c.p. hour 

O’K^nan =0*6d. per 12 c.p. lamp hour. 

Holmes and Burke =0’5d. per 10 c.p. lamp hour. 

Newton =0*16d. per 10 c.p. lamp hour. 

D’Humy =0'25d. per 10 c.p. lamp hour. 

Rowbotham = 5d. per B.T. unit. 


Many of these figures appear nt first sight to be veiy 
favourable, but it must be remembered that they probably 
refer only to cost of material, or include profit on possible 
bye products, and are therefore liable to be very misleading. 

Let us consider for a moment what is the minimum 
theoretical cost of materials. Most batteries employ zinc 
as the positive plate, the cost of which in the raw state at 
the present time (November, 1901) is about £17 per ton. 
Now, the amount of zinc required to furnish 1,000 ampere 
hours, according to the electrochemical equivalent, is 
2'671b8. ; and therefore if the mean terminal potential dif- 
ference of a cell is 1 volt, a Board of Trade unit will require 
2'671bs, pf zinc, the cost of which at this wholesale price is 
4*86d. If,. the mean terminal pressure is l o volts the cost 
^ tJiis^item falls to 3*24d., and if the pressure is 2 volts the 
4ost is only 2*43d., the cost varying inversely as the mean 
^rminal pressure at which the cell can be worked. 

As an example of the complete calculation of the mini- 
noftiiti cost of materials, we may take the Baniell cell, in 
wliich th^ reactions are exceptionally definite. Besides 
xinc, we have zinc sulphate, copper sulphate, and copper. 
Of these, zinc sulphate only requires to Irj supplied in the 
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infitaiice, being subsequently formed by the action of 
the cell, solution being withdrawn and water added 
occasionally to prevent saturation. This salt may there- 
fore be neglected. Copper sulphate, on the other hind, 
must be continually supplied, but it gives rise to pure 
deposited copper, which may be sold. The E.M.F. of a 
Daniell cell is, roughly, 11 volts ; we may therefore take 
1 volt as a possible mean terminal pressure when on circuit. 

The amount of copper sulphate, considered as having 
the formula CUSO 4 . 5 H 2 O, decomposed by 1,000 ampere 
hours is 1013 lbs., which, at the rate of £22 per ton, 
costs 23'oOd. Similarly, the amount of copper deposited 
by 1,000 ampere hours is 2-57 lbs., which, a? the rate 
of £72, 10 s. per ton for “best selected,” has a value of 
19-96d. Thus we have the following figures for the cost 
of a Board of Trade unit generated by a Daniell cell, with 
a mean terminal pressure of one volt : — 


Minimum Theoretical Coit of Materials per B.T.U. Generated 
by a Daniell Cell. 


Material. 

Weight. 

Cost in Pence. 

Ziaq 

2-67 lbs. 
1015 „ 

2-67 „ 

4-86 

23‘50 

: 28-36 

19-96 

Total 840 , 


Lom copper depoeited 


Consequently the cost of material per Board of Trade unit, 
excluding impurities, local action, and handlings and at 
wholesale prices, is 8’40d. If the terminal working pres- 
sure were 2 volts, this figure would, of cour 8 e, 1 i>e seduced 
to one-half the above. But even if such were the case, it is 
necessary to remember that no account has been taken of 
maintenance, interest on capital, and labour, in additton to 
handling (including manufacture of plates), loc£^ act^n, 
aod in^^purities, which have already been mentioned. Con- 
sequently, the^fost per unit is much higher than the cost 
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by steam generation. It is not, however, necessary that 
the cost per unit should be as low as with steam plant, 
for there are many isolated private installations where the 
simglicity of a primary battery would be welcomed if the 
cost of generation were not excessive. 

Such calculations show the importance of high E.M.F. 
in a cell. Another point is also important, viz., the cost 
may depend to a large extent upon the electrolyte ; in 
other words, the high cost of zinc is not such a control- 
ling factor as is sometimes thought. As a cheaper 
material than >.inc, iron has sometimes been used ; but it 
has the great disadvantage that if it is placed in an acid 
solution Ideal action cannot be prevented, and if the 
electrolyte is not acid, oxide or basic salts are deposited. 

Instead of basing costs on theoretical figures, which are 
liable to lead to results that are far too low, it is better to 
rely on actual experiment as far as possible. As the 
result of numerous tests, the author came to the conclusion 
that the amount of zinc required in a Benko battery,* 
assuming careful working, was about 3*24 lb. per unit, 
including local action and waste. The prices of material^ 
(wholesale, in 19 JO) may be taken as follows : Amalgamated 
zinc plates, about £34 per ton ; sodium bichromate, 3d. per 
lb. ; concentrated sulphuric acid, £3. 2s. Gd. per ton, or 
more dilute acid, £1 . 10s. per ton. The author found that 
the quantities and costs were approximately as follows on 
the assumption that the waste zinc amounted to about 
25 per cent, and would be re-sold at, say, £1. 10s. below the 
market price (£22 per ton) of raw zinc : — 


*.« Per unit. 

£mo,«-24 Ib. At 3'65d 11 -Sd. 

i>««0-8Ub.at2-2d l-8d. 

lOd. 

Sodium biobromate, 3 0 lb. at 3d. lid. 

Sulphuric acid, cono., 9 lb. at 0*33d 3d. 


Tot^^ 24d. __ 

* li^itulton of Electrical Engineers, Vol. XLVI., p. 741* 1911. 
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Cost of carriage would, of course, have to be added for 
each particular case and also the cost of labour. The latter 
would be very small if proper facilities were provided, as a 
solution of the kind used is made very quickly. 

The problem of supplying light from primary batteries is 
much more important now than it w’as some years ago, 
because the conditions have changed. Low voltage metal 
filament lamps consuming only 1 watt per candle are avail- 
able in convenient sizes, and comparatively high candle 
power low voltage lamps, consuming only half a watt per 
candle, or thereabouts, are coming on the^narket. Con- 
sequently, the number of units used for a given illumination 
per annum is very much less, and thus a*cost of ifc., or even 
2s. Od., per unit is not W any means prohibitive for small 
country houses whicli are not large enough to warrant the 
installation of an oil engine set and battery of accumulators, 
for example, 200 units per annum at 2s. })er unit amounts 
to £20, which, in many cases, would not be considered an 
exorbitant sum to pay for light in the piincipal rooms of a 
small country house. 

^NECBSSAEY CONDITIONS.— In addition to being 
cheap, the positive material should be as highly electro- 
positive as possible and coupled with a strongly electro- 
negative material in order that the E.M.F. may have a high 
value. A sufficient difference in electro-chemical character 
is sometimes obtained by using a compound, such as an 
oxide, for the negative material : for example, lead is not 
nearly so electro positive as zinc, yet it gives a high 
E.M.F. when coupled with lead peroxide in sulphuric acid, 
the peroxide acting at the same time as a depofariscr. 

If the negative material undergoes no appreciable change 
its cost may be relatively high without rendering the cell 
commercially useless fronv the point of view of cost. But 
if a voltaic change takes place, such as reductfon bj a 
polarising ion, then the material must be either cheap 
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or easily regenerated. This remark also applies to the 
electrolyte, 

OAEBON AS AN BLBOTEO-POSITIVE MATEEIAIi.— 

The*search for a cheap material has naturally led to the con- 
sideration of coal for this purpose. Coal has the advantage 
of cheapness, and, although it is practically a non-conductor 
on account of the hydrocarbons which it contains, it is 
readily carbonised and thus converted into a conducting 
material which is nearly as good from the point of view of 
energy, and gives rise in its carbonisation to valuable by- 
products. Nearly all our power at the present time is 
derived from the combustion of coal, but in a manner which 
is far from'* efficient. In this process the carbon may bum 
either to carbon monoxide, with a heat of combustion of 
29,000 calories, or to carbon dioxide with a heat of 96,960 
calories. The latter is the maximum heat obtainable by 
the complete combustion of carbon, but of this heat, as 
already stated, only about 6 per cent, is converted into 
electrical energy by steam plant for lighting. If we could 
carry out this combustion, or oxidation, voltaically, then it 
would be possible to rise from this low efficiency, to a very 
much higher figure, which we estimated on p. 418 to be 73J 
per cent. If the process were limited to the use of carbon 
monoxide instead of carbon, completing the oiitidation 
fT;om carbon monoxide to the carbon dioxide, then the 
efficiency of 73^ per cent, would be reduced to 5U, but 
the gain would still be very considerable. Before dealing 
further with this possibility, which has been the dream Of 
mhny an inventor, let us return to the question of efficiency. 

IVFBtnSNOS OF EFnClBNOT ON TEN COST OF 
OBNSEAFIOK. — In considering the effect of an increase of 
efficiency on the cost of generation we shall regard coke 
(or carhop) and coal as being practically equivalent. They 
are giot strictly so, because the calorific value of coke is not 
^ high as tlvit of the best coal ; but, on the other hand, coke 
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m somewhat cheaper, with the result that the cost k about 
the same for both kinds of fuel for the same calorific effect. 

Now, if it were possible to pass from an eflScienoy of 
6 per cent, to 73| per cent., then about twelve tim^ the* 
number of units could be generated for the same quantity 
of coal, and the coal ))ill would be reduced to one twelfth. 
Let us consider what is the effect of a saving of this kind. 
It may be assumed that a unit can be generated with steani 
plant and distributed for lighting by the combustion of 
10 lb. of coal, and that, if the price of coal is ITs. per ton, 
the cost per unit (including maintenaifce) amounts to 
about 2-5d, In this figure the coal accounts for 0‘9d., and 
if this can be reduce^ to one-twelfth the saving per unit 
amounts to over three farthings. This is a substantial 
saving, being at the rate of over 30 per cent-, for the supply 
^ authority, but it does not affect the price to the consumer 
to the same ext-ent, because the latter price must always 
exceed the coat price by an amount sufficient to pay 
interest upon the capital invested. If the price to the con- 
sumer is to be much reduced, then it will be necessary in 
some way to diminish the capital required. Economy in 
this direction might be possible in the generating station, 
but is otherwise limited on account of the heavy outlay on 
distributing systems, the cost of mains under eakiing con- 
ditions accounting for something like half the capital ex- 
penditure in small imdertakings, as distinct from large 
systems, to which these remarks do not apply. Voltaic 
methods would not produce a saving in the mains. 

It is easy to see what would be the effect of ah increased 
efficiency in the case of ste.am plant, but it by fio means 
follows that the same result would be gained by effecting 
this economy voltaically. Whether the increased efficiency 
would lead to greater economy must depend ^upon the 
battery itself. Capital expenditure, cost of mat^als, 
maintenance and labour must all be taken iz^ comridera- 
Mon; and nhen that is done it is, unfortunately, quite 
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possible that we should find, in the case of a carbon- 
consuming batter}’, that, althougli the efficiency is much 
improved, the total cost is increased instead of being 

diminished. 

«• 

VOLTAIC DIFFICULTIES WITH CARBON.-In attempt- 
ing to make use of carbon as the electro-positive material 
in a voltaic cell, theoretically we are not limited to auy 
particular kind of reaction. If it were possible, we might, 
for instance, attempt the voltaic conversion of carbon into 
a salt; but sinew the question of cost is of paramount 
importance, and since oxygen is the element which is most 
readily obta^icd, nn5 of which we have an inexhaustible 
supply, it is usual to limit the problem to the voltaic 
Oxidation of car)>on. 

In considering this problem, with its many (lifliculties, 
it ‘is necessary to clearly bear in mind tin* distinction 
already referred to between chemical and voltaic action 
{see p. 8), and, further, the fact that local action may some- 
Himes he obtained, but that it is useless for our })urpose. 
It should also be remembered that voltaic reactions take 
place between ioim. 

One of the earliest attempts to obtain electrical energy 
direct from caibon was that of JahlochkolT, who placed 
carbon in fused potassium nitrate. But such a method 
cannot ]nodiice any result of value, for the oxidation 
takes place quite as energetically whether the (dectric 
circuit is opened or closed. Having regard to the local 
action which arises, when impure zinc is placed in sul- 
phuric acid, i^ might be objected that local action on open 
circuit does not preclude the possibility of obtaining elec- 
trical energy on closing the circuit, although the method 
might thereby be reiidei*ed comnjcrcially useless.'’ But the 
local action between zinc and sulphuric acid takes place 
throujli the agency of the ions; it is essentially electrolytic. 
There is no reason, on the other hand, to look upon the 
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oxidation of carbon by potassium iiitrato as electrolytic. 
The ions of KNO3 are K and KO3. But the oxidising; 
power of KNO3 depends upon its redifjtion to f)0Uissiuni 
nitrite, or KNO2, from wliicli decomposition KNOg aj)pear:| 
as KNO24-O. The oxidation, therefore, does not take placft 
by means of the ions, and it is unlikely that there sliould 
be any transformation into electrical energy. As anotluT 
exampre of tliis kind sulphuric acid may be mentioned. 
This acid can be reduced by suitable reactions to sul- 
phurous acid, showing that it may be looked upon us 
H2SO8+O, but it does not follow that tlwse are the ions. 
On the contrary, the ions of sul[)huric acid are H and 
HSO4, or H, If and SO^, according to the comjitions. 

One of the tirst flitliculties with which we have to 
contend is that of gcatiug the carbon into solution. It is 
an element wliicli is unacted upon by the usual solvamts. 
* This in iteelf does not necessarily render it impossible that 
voltaic solution should occur, for voltaic reactions often 
take place wliieh are impossible by ordinary chemical 
means: in fact, this must be the case in every voltaic cell 
if local action is to be avoided. But it is necessary tliat 
solution should tiikc place by means of ions and that the 
solution obtained should be an electrolyte, or, in otlier 
words, should be in a state of ionisation. 

Unfortunately carbon does not form salts. When, fui 
example, it is used as an anode in hydrochloric acid, it does 
not pass into solution as a chloride, and although a chloride 
exists — viz., carbon tetrachloride, CCl^ — this has none oi 
the properties of a salt, and is, nio|jeover, ap insulator 
Indeed, comparatively few compounds 0^ carbon are 
electrolytes ; and in such as there are, carbon does not 
appear as an ion. 

Another difficulty is due to the position of carbon ii 
the electro-chemical series. As already pointed out, it is 
important that the positive plate of a cell should be IKghlj 
electro-positive ps compart with the native plsti 
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Unfortunately, carbon is itself strongly electro-negative. 
By referring to the table of elements given on p. 19 it 
will be seen that no suitable metals are electro-negative to 
carbon, from which it appears that recourse must be had 
to coftipounds ot the metals with the non-metals to obtain 
a suitable material — for example, oxides. The electro- 
negative cliaracter of a body is generally increased by 
causing it to combine with a non-metal. 

Itecapitulating, we may say that the chief difficulties 
encountered in the voltaic consumption of carbon are on 
account of the Ipllowing: — 

(1) The insoluble nature of carbon. 

(2) Th^‘ scarcity of electrolytic carbon compounds. 

(3) The inability of carbon to !ict as an ion in such 

organic compounds as are electrolytes. 

(4) The electro-negative character of carbon. 

POBITION OF THE OXIDISING AGENT.— Supposing 
that voltaic oxidation is possible, let us consider where the 
■ oxidising agent must be placed. In the case of a simple 
element, consisting of zinc and platinum in sulphuric acid, 
it is not essential that the zinc should be in contact with 
the acid. If the conditions are arranged so that the 
depolarisation is good, we may imagine zinc sulphate to 
be formed so rapidly on the surface of the zinc that the acid 
is •there neutralised and is no longer in contact. In fact, 
the zinc may be placed in a porous pot containing zinc 
sulphate solution, the acid being only in the neighbourhood 
of the platinum. The current will still be generated, and 
thus we see that what we regard as the active solvent in 
the case* of a simple element may be either in contact 
with the positive material or away from it Is it also the 
ease that the oxidising medium may be either in contact 
with, or acvay from, the carbon ? 

T0 answer this question, let us consider a lew possible 
oombinationa. First take the case of carbon coupled with 
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a meta3 M in water, which for the moment we will suppose 
to be an electrolyte. The reaction may be represented as 
in Fig 199. An atom of carbon, being tetravalent, com- 
bines with four hydroxyls to give C(OH) 4 . Tliis compound 
is unknown, but may be looked upon as the hypothetical ^ 
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Fia,199. — Hypotheticil Voltaic Oxulation of Carbon Water. 


carbonic acid, H 2 CO 8 , in combination with one molecule of 
•water. The polarising ion is seen to be hydrogen, but after 
a time carbon would be deposited on M in the same way 
as it is possible to have deposition of zinc on the platinum 
of a simple element. 

M c 


mIoH M^-Oh' 

M'ioH 

JW'JO H ^ 

M'-OH 

Fis 200 —Oxidation by a Metallic Kydroxi^* 

• 

If the water is replaced by a metallic hydroxide, M'OH, 
as the electrolyte, the oxidation is then repi’esented by 
Fig. 200 . Hei-e M' is the polarising ion, instead of 
Kjdrogcn, and Anil have to be removed, unless it i| tlie 
same as M. 
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In time carbon will reach the plate M, and will tend to be 
deposited, requiring further oxidation, though local action 
on the plate M will prevent such a deposition to a great 
extent. If the action is continued until the whole of the 
mefal M' is replaced by carbon, we then have carbon as 
the exclusive polarising ion, as indicated in Fig. 201. The 

M c 

cliio H)^ c"i(0 H)4 c.h h), 

^ Fw. 2(>i. — Carbon as the Polarising Ion. 

• t 

action of the cell must then cease, unless oxygen is sup- 
plied at the plate M. In this case the cell is analogous to 
a gas cell, the oxidation taking place, as it were, twice-r- 
once at the carbon plate and again at the metal M. 

In place of an oxidising electrolyte we may have a 
body, M'.A, which is more like a sab, and acts merely as a 

M c 


m^[a m?[a mJa 
m';a 
m';a 
M'lA 

Fjo. 202. — ^Solution but not Oxi lation. 

solvent consisting of a metal M', which we will suppose 
monovalent, and an electro negative radicle A. This body 
must be such that carbon is able to form the body CA 4 , ia 
which case the voltaic reaction is repi-eseated by Fig. 202. 

pere Id' is the polarising ion ; there is solution, but not 
oiidatioou ^ By transforming the cell into the Daniell type» 
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as indicated in Fig. 203, the hydroxide M'OH being intro- 
duced in the neighbourhood of the plate M', there is 
solution in one compartment and oxidation in the other. 
The oxidation of the carbon here takes place as the pplar- • 
ising ion, and the oxidising agent is at a distance from the * 
carbon plate. 

From the above considerations it appears that, theoreti- 
cally, the oxidising agent may act simultaneously as the 
solvent and as the oxidant, or it may be placed at a dis- 
tance from the carbon, acting as the oxidant alone and 
oxidising the carbon as the polarising ^on. Provision 
must, of course, be made for depolarisation in any case, 
but the polarising ion is not necessarify carboii. Jn this 
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Fio 20,*). — Solution and Oxidation, 


discussion we have assumed that carbon is capable of 
forming a carbonic acid which is an electrolyte. Unfor- 
tunately, this is not the case, any such acid (if formed) 
immediately breaking up into water and carbon dioxide 
gas. 

In what precedes, the problem has been discussed from 
a perfectly general point of view. It will, however, be 
remembered that there are two possible mairv reactions. 
We may either attempt the oxidation of carbon to* carbon 
dioxide ; or, if that is impossible, the oxidation of carbon 
monoxide to the dioxide. It is unnecessary to consider 
the oxidation of carbon to the monoxide, partly»because 
the thermal value of the reaction is too small to give a fell 
with a sufficiently high E.M.F. to be a commercial success. 
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and partly because if this reactiori were possible it is 
probable that there would be no difficulty in completing 
the oxidation to ‘the dioxide, and thus utilising the 
maximum energy available. We shall therefore consider 
only the two remaining reactions, turning first to the 
second alternative. 

OAS CELLS.— What is usually known as Grove’s gas 
cell consists of two platinum electrodes partly immersed 
in acidulated water and partly in gases — for example, one 
in hydrogen and the other in oxygen. Grove experi- 
mented with various other gases, besides oxygen and 
hydrogen, ‘including carbon monoxide coupled with 
oxygen. 

It appears that the effective action of such a cell 
depends upon the extent of the occlusion or absorption of 
the gases by the electrodes. Thus platinised j)latinum is 
more effective than ordinary platinum because it has a 
greater power of occlusion. We may therefore look upon 
the plates of an oxygen-hydrogen cell, for example, as 
consisting of oxygen and hydrogen, which are possibly 
in the atomic state and therefore in a very suitable 
condition for voltaic action. 

The Grove gas cell is not of commercial value because 
the rate of occlusion of the gases is too small. As 
soon as the quantity of electricity required per second 
exceeds the equivalent of the rate of occlusion, the E.M.F. 
falls rapidly. The total occlusion, and therefore the capa- 
city of the cell for a liigh rate of , discharge, depends, of 
course, ^pon the area of the electrodes, especially on that 
part near the surface of the electrolyte; but the area 
required to give a dischai^. suitable for commercial pur- 
poses is so large as to be out of the question on account of 
tjhq cpst. It k therefore necessary to improye toe character 
o| |he electrodes if toere is to tp be an j commercial deye|op^ 
m theM lines. . 
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A considerable advance has been made by K* Siegl,* who 
holds the view that the immersed parts o! the plates of a 
gas cell cannot be effective when the cellns in action, because 
the gas on that part of the surface cannot be ^ily« 
renewed. Probably the most important part of the plate 
is the surface near the electrolyte. For his cells Siegl 
uses platinised lumps of carbon about 3 mm. in diameter, 
so as to avoid the cost of platinum sheet. These ate 
placed in flat closed cells of unglazed earthenware, which 
form gas chambers, and which also contain carbon plates 
to act as collecting electrodes. The earthenware cells 
are placed in a vessel containing the electrolyte in which 
the cells become soaked, so that the carbon surfaces within 
are moistened. Any number of cells can be so arranged, 
alternately positive and negative, similar poles being con- 
nected together. By this arrangement a laige junction is 
obtained between the upper surface of the electrolyte and 
the platinised carbon element. 

Siegl tried chlorine, oxygen, air, carbon dioxide, acetylene, 
coal gas and hydrogen, the electrolyte being dilute sul- 
phuric acid, except in the case of chlorine, when it was 
dilute hydrochloric acid. The following E.M.F.s were 


obtained 

Chlorine and hydrogen 1*^ volta. 

Oxygen and hydrogen 0*9 „ 

Air and hydrogen 0-8 „ 

Air and coal gas 0 *7 „ 

Carbon dioxide and hydrogen 0*8 „ 

Air and acetylene 0*3 f, 


It is difficult to see what reaction there’ean b^wth carbon 
dioxide and hydrogen, and it is curious that the' 
should be the same as with air and hydrogen. Sic^ staies 
that the current obtainable over a continuous discharge 
is at the rate of 20 milliamperes per square deeunetce of 
active surface, and that the cost of mnning in the case of 
♦ ZeU^ehrifi, Vol XXXIV., p. 1317, WIX AtetTMllB 

iTIW Xl((c<riDKi% Vbh 
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air and coal gas is only 2 04d. per unit. Variation of the 
gas pressure up to 8 atmospheres did not produce any effect 
on the E.M,F. The^cells were so far commercial that they 
^ere Jaken up by C. Schniewindtj of Neuenrad ; but the 
Author is not aware whether they have been placed on the 
market. 

'i'he principle of the gas ceb has been applied by Com- 
melin and Viau to accumulators in which the gas on charging 
is collected under pressure, but the results do not appear 
to have been of commercial value. 

There seems to.be greater difficulty with carbon monoxide 
than with hydrogen. This is shown to some extent by the 
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Fio. 204. — Discharge Curves of Gas Colls. 


two discharge curves of gas cells given in Fig. 204. The 
curve A shows the fall of E.M.F. when a small cell containing 
hydrogen, dilute sulphuric acid and oxygen was connected 
up to a Weston voltmeter. The substitution of carbon 
monoxide for hydrogen in this cell gave a very low E.M.F., 
which, however, increased to 0-3 volt when the sulphuric 
acid was replaced by a solution of oxalic acid. Curve B 
shows the discharge of this cell through the same Weston 
voltmetei. tiom these curves it appears tliat the occlusion 
of carbon monoxide is considerably less rapid than is the 
case writh hydrogen. 

Assuming that the conduction takes place by ionised 
wate^:, the reaction in the case of a hydrogen-oxygen cell 
may bo replanted as in Fig. 205, the two plat^ being 
cegardod as hydrogen and oxygen respectively. It is not 
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(juite so easy, however, to sec how the reaction would pro* 
ceed if carbon monoxide were substituted for hydrogen. 
The CO migitt perhaps combine with* the OH ion of the 
water, giving COOH, which is half a molecule of^xali^ 
acid. The same reaction might take place ^vith a solutiod 
of oxalic acid in place of water, as indicated in Fig. 206, 
the CQ passing voltaically through the oxalic acid and 


O H 



Fig. 205. — Reaegon in the Hydrogen- Oxygen lias Coll, 
appearing as the polarising ion at the other plate, to be 
oxidised by the oxygen. But this reaction is rendered 
rather improbable by the fact that the molecule of oxalic 
acid consists of two COOH groups, which would have to be 
separated. Moreover, (-0 is not an ion of oxalic acid. 
What is really required for the voltaic oxidation of carbon^ 
monoxide is an electrolyte in w hich CO is one of the ions. 

0 CO 

0 c o^oH colfoH ce 

T'-'*' 

CO OH CO OH • 

I'jG. 2()fi.— Oxalic Acid as the Electrolyte. 

BOEOHEKB’ CELL. — A gas cell differing considerably 
from Grove’s was described by W. Borchers in 1894. This 
inventor appears to have acted on the principle that one of 
the gases should be absorbed by the electrolyse! He, there* 
fore, selected as an electrolyte a solution of cuproift chloride, 
either in hydrochloric acid or in ammonium hydrate, on 
account of its well-known property of absorbing carbon ' 
monoxide. The cell consists essentially of a c%rbon plate 
in air or oxygen and a copper plate in carbon monoxide, 
both plates dipping into a solution of cuproua chloride. It 
h assumed •that the carbon monoxide goes into solution ^ 
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at the copper plate, traveraes the electrolyte and is oxidised 
to carbon dioxide at the carbon plate. 

This cell gave very poor results, and it is difficult to see 
^why jt should do otherwise. The absorption of carbon 
toonoxide by cuprous chloride is a reaction that takes place 
under ordinary conditions, and does not require the closing 
of any circuit ; it is therefore unsuitable for voltaic pur- 
poses unless the absorption of CO at one plate and its 
liberation at the other continues upon closing the circuit 
after the solution is saturated. Moreover, the compound 
formed by the labsorption is an addition product — viz., 
CugClgCO, whereas the ionisation and breaking up of an 
electrolyte i^ always necessary in the voltaic formation of 
n compound. ® 






Fio. 207.--Reaction8 in Borcliers' CclU 


Instead of an addition product, we might suppose that the 
'CO is able to combine with one of the ions of the cuprous 
■chloride in some such way as that indicated in Fig. 207. 
If the breaks up, and CO is considered as the electro- 
positive plate, the Cu will go to the carbon and the chlorine 
mdst be looked to for combination with the CO. The com- 
ppund COClg is known, and its formation would appear 
probable but for the unfortunate tact that it is a dielectric 
and at ordinary tenaperatures it is a gas. 

There nd doubt that the E.M.F. observed by Borchers 
Was mainly due to the solution of the copper plate, and 
not to oxidation of carbon monoxide. This reaction is 
represented by^Fig. 207 if the place of the CO is taken by 
Cu. The*bojl^r migrates across, and is deposited upon 
carbon ; Jt does not remain there, however, because the 
cuprous wbnde is oxidised by the oxygen the carbon 
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to cupric cWoride, and this, in turn, takes up any free 
copper, re-forming the cuprous salt. 

If Botchers' cell depended upon the assumed gas re- 
actions, and were simply a gas cell, tlm E.M.F. would not 
be affected by changing the material of the plates, bji 
having both plates of carbon or of platinum. The capa- 
bilities of the cell for supplying current might suffer by 
such a. change, on account of changes in the power of 
occlusion, but the RM.F. should remain unaffected. Such, 
however, is not the case, and we must therefore conclude 
that the E,M.F. of the cell is not really due tp the voltaic 
oxidation of carbon monoxide. • 

METHOD OF 0. J. EEED.— It has been slated by C. J. 

Heed* that the ideaf cell consuming carbon, in any form, 
should fulfil the following conditions. The cell should 
consist of two indestructible electrotles immersed in an 
electrolyte which is held in two compartments separated 
by a porous partition. This electrolyte, or “ transforming 
substance,” should be capable of forming an unstable 
compound with oxygen and also with carbon, so that in 
one of the compartments there will be an oxidised body 
which will readily give up its oxygen, and in the other 
compartment a carbon compound which may be easily 
oxidised. When these bodies come together theje should 
be an oxidation of the carbon and regeneration of the 
transforming substance, so that it does hot require renewal 

Keed expresses these changes in the form of equations 
as follows If the transforming substance is represented 
by T, then by its oxidation we have * 

T+0«TO, 

imd by its combination with carbon we have 
T+C=TC. 

When the compounds TO an d TC come into 1x)ntyt by 

« Jmmal of the Frhnklin Inatituto, Vol 1 , 1806 . 
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diffusion through the porous pot, they react, giving rise U( 
the E.M.F., and the transforming substance is regenerated 
according to the equation 

2TO + CT=COa+3T. 

*The heat evolved by the first two reactions should be as 
low as possible ; but the last reaction, since it gives rise 
to the E.M.F., should be highly exothermic. . 

The question of regeneration is no doubt a very 
important one, for if automatic , regeneration is possible, 
then we may employ a costly electrolyte, which would 
otherwise rendef the cell commercially impracticable. It 
is also important, o^ account of cheapness, that the plates 
should be Indestructible; but if ^oth plates are to be 
indestructible, the cell becomes limited to the gas cell 
type, and the field of investigation is much restricted. 

A good deal of difficulty is experienced in attempting to i 
put these principles into practice. But although an ideal 
transforming substance is not easily found, there are many 
substances which fulfil the requirements to some extent, 
and which will indirectly give the required result. 
Curiously enough none of these appear to be metals. 

As an example of how these principles may be applied. 
Heed takes two transforming substances, viz., sulphur and 
water, which act together. The fuel is carbon, and 
atmospheric oxygen is the oxidising agent. The method 
of working is indicated in Fig. 208 

A retort E contains sulphur at I, carbon at F, and a pile 
of stones at J, on which water is allowed to drop through 
the tube T*. The retort is heated by burning sulphur at 
D, the resulting sulphur dioxide passing out of the furnace 
by the opening S, and being stored for subsequent use 
Tlie lieating of the retort causes the sulphur at I to be 
vaporised^and to combine with the red-hot carbon at F 
to fofm carbon bisulphide. But when this comes into 
contact witbjtlie steam formed at J, it is decom 2 )osed with 
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\e result that sulphuretted hydrogen and carbon dioxide 
are formed, according to the equation — 

CS2+2HaO---2HaS+Cq5,. 

As a net result, therefore, of these two sets of reactions w« 
have SOa from one, and a mixture of Ha S and COg fi'oin • 
the other. These gases are passed tlirough water, giving 
two solutions, viz., one of sulphurous acid and the other 
of sulphuretted hydrogen, tlie small amount of carbon 
dioxide in the latter being of no importance. Finally, 
these solutions have to be used so that the sulphur and 
water are regenerated, and the lieat of ^lie reaction is 



transformed into electrical energy. Reed attempt* to do 
this by separating the solutions by a porous partition and 
immersing a carbon plate in each. The solutions meet, by 
diffusing through the porous pot, and react, with the result 
that the sulphur and water arc regenerated according to 
the following equation ;~ 

2H,S+S0,= 2H,0+3S. 

It is, however, impossible, that any satisfactory genera- 
tion of electrical energy should be so effected, for this 
reaction continues equally on op<.n circuit. The gjll is not 
realty a chemical cell, but a liquid cell like tha* ot 
Becquerel, which accounts for the smallness ofcthe E.M.F. 
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observed by Eeed, viz., 0*36 volt, whereas from the thermb- 
chemical data the E.M.F. should be 0'63 volt. Even if 
the higher E.M,F. were obtainable, such a cell would be 
commercially useless on account of the large amount of 
lodkl action. These objections apply to Eeed’s principle 
as a whole. 

OTILISATION OF FREE OARBON.-~The cells which 
we have so far discussed have been attempts to use carbon 
monoxide. We will now pass J;o the consideration of cells 
in which free carbon is used as the active material. One 
of the greatest difficulties, as already explained, is that 
of getting the carbon to pass into solution as an ion. 
AccordiiiA^ to A. Coehn* this caij actually be etfected by 
electrolysing sulphuric acid under certain conditions with 
an anode of carbon. A deposit, apparently of carbohydrate, 
is obtained upon a cathode of platinum. , 

D. Tommasi, many years ago, suggested a cell consisting 
of carbon opposed to lead peroxide in sulphuric acid : the 
carbon is the negative pole and it is supposed to be 
voltaically consumed. But the E.M.F. does not correspond 
to the thermo-chemical data on that supposition, and the 
Author finds that if platinum is substituted for carbon the 
E.M.F. is quite as high though the polarisation is much 
more*rapid. It does not therefore seem clear that the 
E.M.F. depends essentially upon the carbon; this may 
assist the depolarisation (regarding oxygen as a polarising 
ion) either through roughness of surface or through chemical 
removal of the oxygen, such chemical action not giving 
rise to rfny appreciable E.M.F. 

W.^l. Case states that carbon may be oxidised voltaically 
by opposing it to platinum in a solution of potassium 
chlorate rendered acid with sulphuric acid ; and he 
describes a cell in which ferric chloride is reduced by 
cailbon, but the E.M.F. is very small f 

* iXeHrochemie^ 1896, pp, $41-542. 

t Meotrieal WiM and Engineer, Vol XSDCIY^p. 121, 1899. 
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SAAXffEW OBXiIi. — The cell which Ima aroused the 
gmtest interest during the last few years is that which is 
due to W. W. Jacques* In this cell, wjiich is illustrated 
in Fig. 209, the carbon C is immersed in fused caustic 
soda E ; this is contained in an iron vessel I, which\lso 
serves as the other plate of the cell A stream of air is 



Ili. 209.— Jacques* Cell. 


blown through the caustic soda by the pump A,>and is 
distributed by a rose E, which is fixed just below th© 
carbon* The whole cell is kept at a temperature of 400*^0. 
to 500^0. by the furnace F. The stream of air causes the 

darbon to be oxidised to COg, which is said to mostly ba)?blo 

— — - 

• TUB^rkwn, VoL XXXVI, p. 768, 1896.^ 


442 


f^RJMARY BATTEPdES. 


up through the electrolyte and to escape. It is stated tllat 
the caustic soda is practically unchanged ; a certain amount 
of carbonate, however, does form, and impurities are intro- 
duced from the carbon, with the result that the electrolyte 
ultimately becomes worthless. The formation of carbonate 
may be diminished by adding a small quantity of magnesia. 

‘ The E.M.F. of the cell is about 1 volt and the rate of 
discharge is said to be much higher than that ‘'obtainable 
from other cells of equal weight. 

In considering the theory of 'the cell, it is difficult to see 
how a truly v()ltaic oxidation of carbon can take place, at 
least by mean? of the oxygen. This gas is forced into the 
electrolyte in tlie^immediate neighbourhood of the carbon. 

c 

n^[6h NajloH ' 

Na ioH 
Na ;0 H 
NalOH 

Fia. 210* —Reactions in Jacques’ Cell 

It is unlikely that the oxygon should assume the function 
of an ion in the electrolyte, nor is it likely to be occluded 
by the carbon in a manner similar to that in a gas cell. 
vAnd even were there such an occlusion, there is no resem- 
blance to a gas battery, in which the oxygen is occluded 
by the plate that is away from the substance to be oxidised. 
Here, however, the oxygen is forced directly on to. the sur- 
face of tha carbon, which it is desired to oxidise voltaically, 
and consequently any oxidation by the oxygen is more 
likely to be due to ordinary chemical action, or possibly to 
local action, but not to oxidation of a polarising carbon ion. 

Omilfcing, for a moment, the part played by the oxygen, 
lethis suppose that the carbon is acted upon voltaically by 
the caustic soda, as indicated in Fig. 2}(^- The carbon is 
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oxidised to C(OH)^, or carbonic acid, and sodium appears 
as the polarising ion on the surface of the iron vessel. 
This reaction, as it stands, is an impossibly one, because it 
is endothermic. The heat of formation of the carbonic 
acid is less than that of the four molecules of caustic sb'&a* 
which have to be broken up, and therefore the reaction 
will not take place. Moi-eover, iron is elect ro-positive to 
carbon, ant! would be rendered still more so by the polar- 
ising sodium. Ilut if the iron is coated with o.vide, it mav 
become electro- negative to the cai bon. and at the same time 
it may act as the depolariser, oxidising thy sodium. It 
therefore appears that true voltaic action is unlikely to 
take place if pure iron is used as one of the plat(‘B, but 
that it might possibly d(f so if the iron is oxidised, which 
is ail additional reason why the stream of o.xygen should be 
diiected on to the iron rather than on to tlic carbon. 

Sphere has been much discussion * a.s to the origin of the 
E.M.F. in this cell, and a good deal of evidence has been 
brought forward in support of the view that the E.M.F. 
is really thermo-electric, the iron being the hot junction, 
and the carbon, cooled by the air, being the cold one. For 
example, according to (’. J. Reed, if the carbon is replaced 
by iron, so that both plates arc of the same material, the 
E.M.F. is increased instead of being diminished. If the 
stream of air is replaced by one of coal gas the effect is 
much the same. Further, when the temjieratiire rises on* 
first applying the heat, the carbon is stated to be at first 
electronegative to the iron, and then electro-positive. 
Below the temperature at which the electrolyte ^as any 
chemical action on carbon the E.M.F. is considerable, and 

't 

increases with the temperature to nearly one volt, after* 
waids diminishing to zero, the carbon then becoming 
electro-positive ; the second maximum does not differ 
much in value from the maximum electro-negative waluc. 

These facts, however, do not prove definitely that the 

*AtMrkan^l^ian,yzl IX., 1897, and Vol. 3L, im. 
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action is purely thermo-electric. If, for example, the two 
iron plates in the above experiment are not at the same 
temperature, whjch is doubtless the case, the solution of 
a given quantity of the one plate may evolve more (or 
lesfj energy than the deposition of the same quantity at 
the other plate, with the result that there will be an 
E.M.F. in the circuit apart from any thermo-electric effect. 
This is on the assumption that the reactions are the same 
at the two plates, necessitating an electrolyte with iron 
ions throughout. The conducMvity of the hydroxides of 
iron at this jemperature may, perhaps, be sufficient for 
this purpose. ^Or the reactions at the two plates may be 
different and thetfe may be an E.M.F. due to iron coupled 
with wha# is supposed to be iron, •but is really an oxide of 
iron formed by the action of the electrolyte. 

It is difficult to separate cause from effect in a case of this 
Kind and to draw a definite conclusion as to whether tlfe 
E.M.F, is voltaic or thermo-electric. In metallic thermo- 
electric junctions no chemical change takes place ; but in 
the present case there is electrolysis, which may or may 
not be a secondary effect. The fact that the Peltier effect 
between metals and electrolytic solutions is much greater 
than at purely metallic junctions lends some support to a 
thermo-electric theory, for the Peltier effect may also be 
expected to be large between metals and fused electrolytes. 
Possibly the E.M.F. is both voltaic and thermo-electric.* 

The origin of the E.M.F. in rjell of this kind is a ques- 
tion of scientific interest, but from the practical point of 
view it is of no importance. What is of the highest 
importance is ti e cost of running. Unfortunately there 
are m4ny causes of inefficiency in this cell In all cells 
using a fused electrolyte there must be a loss in main* 
tain^ the electrolyte in a state of fusion. In tliis 
particulai^ cell there must also be a large amount of koal 
actfcm. The carbon dioxide formed is said to escape^ twit 

Hftboi Mid X. Braner (jffleeatoarf Jleview, VdL 

p S14 1904) o(Nciolii4e thsttiwMiL is manly* hybro^av «syfaii fiM eall 
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I^ihu Thomson states that this is not so when tho cell is 
in action, and that carbonate is formed ; thus the life of 
the electrolyte, which is expensive in first cost, is also 
short. According to C. J. Reed, the efliciency only amounts 
to about 8 per cent., and the cost of raw material is at Ii^ast 
thirty-four times that for a good steam engine, while the 
residue or “ash” from the battery would weigh ten or 
twelve tifhes that from a corresponding steam plant. It 
is therefore not surprising that the extravagant claims put 
forward by the inventor have not yet been justified. 

BLUMENBEEG’S CELL.— This cell, which is illustrated 
in Fig. 211, closely resembles the J^cq^ies cell. Tha 



Fiq. 211. -Blumenberg’i CdL 


carbon C is immersed in an electrolyte of lime, cryolyU 
and caustic soda A. which is contained in an iron or copper 
vessel D forming the other plate of the cell. Injplace of 
tit'\ stream of superheated steam, generated in the bjfler 
jj ’ig'foKBd into^the electrolyte. The function of the 
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electrolyte is to oxidise the carbon; its regeneration 
offtH^ted by the steam which is decomposed. Instead of 
the electrolyte named, any electrolytic “oxygen bearing” 
coiniK)iind may l)e nse<L 

I’/'is cell upj>ears to be open to all the objections urged 
against the Jacques cell. The only substantial difference 
between the two is the use of steam in place of air; 
vvlaHher tliis is an advantage or disadvantage, beyond the 
tdimination of the pump, it is difhcult to say ; but in any 
euH(‘ local action seems to be fava>ured as far as possible by 
diu'cting the steam against the carbon. No tests appear 
t4> haV(j been ^riade public, and it is unlikely that the 
prolJeia t>f th^ vpitaic consumption of carbon is more 
effectively < ulved in this c(;ll than i^ is in that of Jacques. 

SHO&T'S CELL. — The cell due to II. S. Short is illus- 
trated in Fig. 212. The outer vessel K contains molteifc, 
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lea<|at § above which is fused litharge (PbOXshown&t A. 
Into the Ij^tharge there dips an iron vessel 1) which is 



OABBOH-mmUMinQ OMlia, 


447 


perfoTsted at the bottom and holds the ’carbon C. The 
negative terminal Tj is attached to the vessel while the 
positive terminal T, passes into the lead B. We have 
therefore, what amounts to a plate of carbon oppo8|^d ti 
one of lead in an electroljie of fused litharge. As th< 
carl^»n is oxidised by the litharge metallic lead is formed 
as indicated in Fig. and the oxide can be re-formet 
as desired by blowing air through the tube K. 

The voltaic E.M.F. thus appears to lx* due to th< 
difference in the heats o< oxidation of lead and carlM)n 
and would in that case approa<*h a z<‘ro vafue (or b< 
slightly negative) if CO.^ were produced, ai^d be negative ii 
(X) w^ere the product {i>.. (X) could tnot he ])roduced). 
ill* K.M.h. theoiore^is unlikely to b(‘ voIt%ic, and in 

Pb c 

Pb^O Pi-'V 

VbjiO eL> 

FlO. 213.— Reaction'i in 8b<>rt'H (kil. 



probably thenno-electric. The use of a metal and an 
oxide in the way suggested is advantageous in that the 
electrolyte is readily regenerated in situ^ the lead ^fhich is 
reduced by the action of the cell being re-oxidised by t^^e 
atnrospheric oxygen. This is important, as it reduces 
both cost of material and cost of handling. , 

HBATING OP CELLS.— Id a cell employing ftised elec- 
trolytes there must always be some waste of energy in 
keeping the cell at the required temperature. In order to 
minimise this loss, W. S. Kawson employs a method of 
internal combustion which forms the subject of a patent, 
and is applicable to batteries which generate a eSrre^ by 
the action of a*fused salt upon a molten metal or idloy, 
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the salt and metal being separated by a porous parlationT 
The method consists in passing into the metal a mixtaie 
of a gas (for exan^ple, water gas) and air in such pro|>or- 
tions that combustion takes place within the metal, the 
gas Sways being maintained slightly in excess, so as to 
avoid oxidation of the metal. The carbon monoxide and 
hydrogen of the water gas bum to carbon dioxide and steam» 
which may be reconverted into water gas by* passing 
through th^ ordinary generator instead of raising steam for 
that purpose. 

JtTNONEB’S ^ELL— The oeU by B. W. Jungnei* is 
baaed upon the idei^of breaking up sulphuric acid by means 
of carbon, Wording to the equation 

2H2S04+C=C0a-f2S0a4-2H,0. 
the acid being quite strong, or even concentrated, and hot. 
Coke, or similar amorphous carbon, is used as the electro-* 


Graphite Coke 



Fio. 214.— Representation of Jnngner • CMIU 

posftive element, and graphite as the electro-negative. The 
la^r is so made that air is forced through it, or against it. 
Nitrosyl sulphate (presumably the acid sulphate NOHSO,) 
is added to the sulphuric acid, and it is stated that when 
the cell is in action the nitrosyl sulphate is reduced by the 
coke anodb^and if re-oxidised by the stream of air at the 
oathodef The method is shown as a diagram in Fig. 214. 

An extension of the idea seems to be to use the SO^ so 
formed in a gas cell containing a porous partition. The 

* Britiid^ patonto Nos, 15,727/1906, ^2U/^~i^ 5,22$A90& 
/br Aemmilator^n, Vol. Vm., p. 5S, im mmbrttdtmkiA 
?ol VJL, p. 259, 190S. 
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<3ioiid6 is lad into one sida oo&faiiuiig sulphuric 
•aid as the aleotrolyte, and air or oxygen into the other tide 
containing nitrosjd sulphate in sulphuric acid. The idea is 
to oxidise the SOg into sulphuric acid according the 
reaction * 

S0g-f-0+H,0«H,S0*» 

thus giving a cyclic process by means of the two cells. 



215. — .Tnngncr's OeU. 


The proposed construction of the carbon cell is sho^ 
in Fig. 215. The coke anode is seen at A at the bottom of the 
oimtainiDg vessel) and is covered with a perforated graphite 
plate, B. The graphite cathode C b coatainec^in a porous 
pot) P) and is kept away from the bottom of this hy a pe^ 
forated plate, D, of ebonite, or some such material. The 
particles of graphite should not be so small as to draw up the 
iiguid. iuto the spaces by capillarity. The negative pole 
is a gn^hite rod htted into the graphite plate iC •i^ the 
positive pole is Amilarly a graphite rod fitted m|o a graphite 
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plate, K. Air k^orced under the giuphite cathode through 
the tube T, and escapee by the tubes The cell is pre^' 
lerably iieated, an^} is stated to have an E.M,F. varying 


from 0-5 to 0*3 volt. 

•Judging by the reactions here described, there is no 
reason to think that such a cell can be successful. The 
oxidation of the coke does not take place voltaically. It is 
an ordinary chemical oxidation, the reduced electrolyte 
being possibly (if the nitrosyl sulphate is involved) re- 
oxidised at the cathode. It is rftore than doubtful if any 
ions enter int^ the process. Moreover, concentrated 
sulphuric acid iswbut a poor conductor. 


EMISSIotr OF ELEOTBIOITT VBOM OABBOMB AT 
HIOH TEMPEBATUBES.— F roni the theoretical point of 
view, it is interesting to note that if we have two carbon 
rods with their ends near together in air, and one of them is * 
heated to a high temperature, a current will flow from the 
cold rod to the hot one across the gap when their remote 
ends are metallically connected together. Currents varying 
fi-om O'i to 0-8 ampere were obtained in this way by J. A. 
Harker and G. VV. C. Kaye,* but such a method of obtaining 
electricity direct from carbon can scarcely give results of 
practical importance, owing to the difficulty of maintaining 
high tetnperatures, except by considerable expenditure of 
pawer. 

These various attempts to solve the fascinating problem 
of the direct production of electrical energy from carhop 
are very ioterestiiig from the scientific standpoint; but 
the result are discouraging, and the difficulties to be over- 
come appear to be so numerous that there does not seem to 
be any very great hope that commercial success will be 
achieved, at least at present 
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